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REMARKS 

Claims 38-76 are pending in the application. Applicants request entry and consideration 
of the amendments and response herein. Accordingly, claims 38 and 40-84 will be pending in 
the application upon entry of this amendment. 

Applicants wish to thank the Examiner for the courtesy extended to their undersigned 
representative in the interview on December 14, 2004. Further to that discussion, Applicants 
submit these amendments and response. 

Amendment of any claim herein is not to be construed as acquiescence to any of the 
rejections/objections set forth in the instant Office Action, and was done solely to expedite 
prosecution of the application. Applicants make these amendments without prejudice to 
pursuing the original subject matter of this application in a later filed application claiming benefit 
of the instant application, including without prejudice to any determination of equivalents of the 
claimed subject mattered. Support for these amendments appears throughout the specification 
and claims as filed. No new matter is introduced by these amendments. 

Claim Amendments 

Applicants have amended claims 38, 40 and 52. These amendments are made to more 
clearly delineate the claimed subject matter and correct text errors. No new matter is introduced 
by this amendment. 

Claims 77-82 have been added and are directed towards the treatment of various diseases 
defined in claim 39. Claims 83 and 84 have been added and are directed towards methods and 
pharmaceutical compositions comprising a specific compound. No new matter is introduced by 
this amendment. 

Claims Rejections - 35 U.S.C. SI 12, Second Paragraph 
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It is alleged that, in claim 38, it is not clear where R b -N=R a is attached to, rendering claim 
38 indefinite. Applicants have amended the typographical error in claim 38 to show that the Ri 
definition includes the following structure, thereby obviating the rejection. 



Claims Rejections - 35 U.S.C §112, First Paragraph 

It is alleged that claims 38-39 do not reasonably provide enablement for all disorders 
generically embraced in claim 38 and other disorders embraced in claim 39. It is further alleged 
that the scope of the claims includes not only any or all conditions but also those conditions yet 
to be discovered as mediated by interleukin-12 overproduction, for which it is alleged there is no 
enabling disclosure. In addition, it is alleged that the Applicants have not provided any 
competent evidence that the instantly disclosed tests are highly predictive for all the uses 
disclosed and embraced by the claim language. Applicants disagree and respectfully traverse. 

IL-12 overproduction is known to cause excessive Thl response, and may result in 
inflammatory disorders, such as rheumatoid arthritis, Crohn's disease, multiple sclerosis, sepsis, 
and psoriasis. It is therefore indicated that compounds that down-regulate IL-12 production can 
be used for treating inflammatory diseases. 

The Examiner concludes that the specification enables the invention for the treatment of 
rheumatoid arthritis. Administration of pyrimidine compound 12 reproducibly reduced the 
arthritic score and delayed development of polyarthritis in a dose-dependent manner in the 
Adjuvant arthritis model (see Example 29 in the Specification at page 28, line 30). The 
Examiner has therefore acknowledged that a method of treatment of rheumatoid arthritis is 
enabled by the instant invention. 

The enablement requirement for the treatment of Crohn's disease in claim 39 was not 
acknowledged by the Examiner. A method of treatment of Crohn's disease in rats was 
determined by treatment with the pyrimidine compounds of the instant invention. In a Crohn's 
disease rat model, it was found that compound 12 of the instant invention reduced colonic 




.a 



-13- 



BOS2_470705_I/DKJM 



61248CON (50586) 
Ono et al. 

inflammation, and that the reduced inflammation could be attenuated with different doses (see 
Example 29 of the Specification at page 31, line 13). In view of these results, Applicants submit 
that the enablement requirement to treat Crohn's disease has been satisfied. Further, the 
reduction in colonic inflammation clearly demonstrates the potential of the pyrimidine 
compounds of the instant invention in the treatment of inflammatory bowl disease. 

In addition, it is known to those of ordinary skill in the art that using compounds to lower 
Thl cytokine levels to treat Crohn's disease has enjoyed initial success. 1 Thl cytokines, such as 
TNF-a and IL-12, are thought to have a primary role in initiating Crohn's disease, as well as in 
ongoing inflammatory reactions. The use of anti-TNF-ct (antibody) therapy, to reduce the levels 
of TNF-a, has been utilized in patients with Crohn's disease. 1 A significant clinical response 
has been observed. Further, the use of anti-IL-12 has been used in an NIH study in the treatment 
of patients with Crohn's disease. 1 It was found that anti-IL-12 induces clinical responses and 
remissions of Crohn's disease, and that the treatment was associated with decreases in Thl- 
mediated inflammatory cytokines. 

Because TNF-a and IL-12 are both Thl cytokines, and treating Crohn's disease using 
antibodies has enjoyed initial success, one of ordinary skill in the art would appreciate that 
lowering IL-12 production with pyrimidine compounds of the instant invention could provide 
similar results. Applicants therefore submit that they satisfy the enablement requirement of 35 
U.S.C. §112 for treating Crohn's disease. 

The treatment of multiple sclerosis (MS) using antibody treatment is also known to those 
of ordinary skill in the art. 2 It is also known that in patients with MS, IL-12 secretion is 
markedly increased. One method of treating MS involves antibody treatment with anti-IL-12, 
presumably to lower IL-12 levels. In animal models, it has been demonstrated that treating 
Experimental Autoimmune Encephalomyelitis, EAE (animal model of MS), with anti-IL-12 
significantly reduced the EAE severity and incidence and severity of EAE relapse. Further, 
administration of IL-12 to the animal models with EAE increased the severity of EAE. It is 



1 (a) Cominelli, F. New England Journal of Medicine (2004), 351, p. 2045. (b) Mannon, P. J. et al. New England 
Journal of Medicine (2004), 351, p. 2069. 

2 (a) Balashov, K. E. et al. Proc. Natl. Acad. Sci. USA. (1997), 94, p. 599.(b) Constantinescu, C. S. Journal of 
Immunology. (1998), p. 5097. 
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therefore indicated that methods which lower IL-12 levels, by antibody treatment or treatment 
with other compounds/compositions, are useful for treating MS. Based on the foregoing and the 
fact that Applicants have demonstrated that compounds in the instant application lower IL-12 
levels, Applicants submit that the enablement requirement of 35 U.S.C. §112 for treating MS is 
satisfied. 

The potential treatment of diabetes mellitus using antibody treatment is also known to 
those of ordinary skill in the art. 2,3 It is known that administration of IL-12 induces the rapid 
onset of insulin-dependent diabetes mellitus in the NOD (non-obese diabetic) mouse. One 
method of treating diabetes mellitus would involve antibody treatment with anti-IL-12, 
presumably to lower IL-12 levels. Administration of anti-IL-12 is known to suppress islet 
destruction, which produces insulin. 4 By suppressing islet destruction, anti-IL-12 is indicated to 
treat diseases which result from islet destruction, including diabetes mellitus. Based on the 
foregoing and the fact that Applicants have demonstrated that compounds in the instant 
application lower IL-12 levels, Applicants submit that the enablement requirement of 35 U.S.C. 
§1 12 for treating diabetes mellitus is satisfied. 

The treatment of psoriasis using antibody treatment is also known to those of ordinary 
skill in the art. 5 It is also known that significant amounts of IL-12 are observed in rats with 
psoriasis. One method of psoriasis treatment involved antibody treatment with anti-IL-12, 
presumably to lower IL-12 levels. In a psoriatic model that closely resembles human pathology, 
mice were first subjected to IL-12, and then treated with anti-IL-12. In these mice, psoriasis (or 
the lesions associated with psoriasis) did not develop, but in the control group (mice treated with 
an agent that induces psoriasis-like lesions), over 90% of the mice developed psoriasis. 4 It is 
therefore indicated that methods which lower IL-12 levels, by antibody treatment or treatment 
with other compounds/compositions, are useful for treating psoriasis. Based on the foregoing 
and the fact that Applicants have demonstrated that compounds in the instant application lower 
IL-12 levels, Applicants submit that the enablement requirement of 35 U.S.C. §1 12 for treating 
psoriasis is satisfied. 

3 Trembleau, S. et al. J. Exp. Med. (1995), 181, p. 817. 

4 Ma, L. et al. Diabetes. (2003), 52, p. 1976. 

5 Hong, K. et al. Journal of Immunology. (1999), p. 7480. 
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The treatment of septic shock (resulting from sepsis) using antibody treatment is also 
known to those of ordinary skill in the art. 6 It is also known that septic shock results from the 
release of IFN-y which is induced by IL-12, which can be induced by LPS (lipopolysaccharide). 
One method of septic shock treatment involved antibody treatment with anti-IL-12, presumably 
to lower IL-12 levels. In in vivo mouse studies, mice were first subjected to LPS, and then 
treated with anti-IL-12. In these mice, septic shock, measured by observing IFN-y levels, was 
five to sixfold lower than controls (LPS treated mice). 5 It is therefore indicated that methods 
which lower IL-12 levels, by antibody treatment or treatment with other 
compounds/compositions, are useful for treating septic shock. Based on the foregoing and the 
fact that Applicants have demonstrated that compounds in the instant application lower IL-12 
levels, Applicants submit that the enablement requirement of 35 U.S.C. § 1 12 for treating sepsis 
is satisfied. 

Thus, methods of lowering IL-12 levels have been indicated to be viable in treating a 
number of IL-12 overproduction related disorders, such as rheumatoid arthritis, Crohn's disease, 
MS, diabetes mellitus, psoriasis, and sepsis. Applicants therefore submit that the use of their 
instant pyrimidine compounds, in view of the knowledge of the results observed using the above- 
mentioned treatments to lower TNF-ot and IL-12 levels, satisfy the enablement requirement of 35 
U.S.C. §1 12 for treating IL-12 overproduction related disorders. Applicants respectfully request 
withdrawal of this rejection. 

Provisional Rejection-Obviousness Type Double Patenting 

It is alleged that claims 38-76 of this application (10/656,671) conflict with claims 25-52 
of Application No. 10/655,672. Applicants have addressed all other rejections and therefore, 
pursuant to MPEP 1490, as the provisional obviousness type double patenting rejection is the 
only rejection remaining and application 10/655,672 is still a pending application, Applicants 
request withdrawal of this rejection and allowance of this application. 



6 Mattner, F. et al. Infection and Immunity. (1997), p. 4737. 
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In view of the above, reconsideration and withdrawal of all rejections and allowance of 
the application with claims 38 and 40-84 are respectfully solicited. Accordingly, the Examiner is 
respectfully requested to pass this application to issue. Should any of the claims not be found to 
be allowable, the Examiner is requested to telephone Applicants' undersigned representative at 
the number below. Applicants thank the Examiner in advance for this courtesy. 

The Director is hereby authorized to charge or credit any deficiency in the fees filed, 
asserted to be filed or which should have been filed herewith (or with any paper hereafter filed in 
this application by this firm) to our Deposit Account No. 04-1 105, under Order No. 50586- 
61248CON. 



Respectfully submitted, 



Date: December 20, 2004 




Jeffrey D. Hsi /// / 
Registration No.: 40,024 
EDWARDS & ANGELL, LLP 
P.O. Box 55874 
Boston, MA 02205 
Phone (617) 439-4444 
Fax: (617) 439-4170 
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Antibodies Against IL-12 Prevent Superantigen-Induced and 
Spontaneous Relapses of Experimental Autoimmune 
Encephalomyelitis 1 

Cris S. Constantinescu, 2 * Maria Wysocka,* Brendan Hilliard,* Elvira S. Ventura,* Ehud Lavi,* 
Giorgio Trinchieri, 1 and Abdolmohamad Rostami 3 * 

Immunization of (PL/J X SJL/J)F, mice with myelin basic protein (MBP) induces relapsing experimental autoimmune enceph- 
alomyelitis (EAE). Relapses occur 7 to 10 days after recovery from the initial paralysis. Staphylococcal enterotoxins (SE) A or B, 
administered after recovery from the initial paralysis, induce immediate relapses. iL-12 is involved in the induction of EAE. Here, 
we show that SEA and SEB induce IL-12 in splenocytes from (PL/J x SJLATJF, mice in vitro and increase the level of IL-12 in 
the sera of mice treated with these supcrantigens. IL-12 administration mimics SE in inducing spontaneous relapses and in 
enhancing the severity and frequency of spontaneous relapses. IL-12 neutralization blocks SE-induced and subsequent relapses of 
EAE, and, when instituted after recovery from the initial attack, prevents spontaneous relapse. This is the first report of prevention 
of relapses of EAE with anti-IL-12 Ab, an approach which may prove useful in the prevention of exacerbations in multiple 
sclerosis. The Journal of Immunology, 1998, 161: 5097-5104. 



Experimental autoimmune encephalomyelitis (EAE) 4 , an 
animal model for the human disease multiple sclerosis 
(MS), is a T cell-mediated central nervous system (CNS) 
autoimmune disease. The autoreactive T cells, directed against 
neuroantigens including myelin basic protein (MBP), are of the 
Thl type (producing IFN-y and TNF and promoting cell-mediated 
immunity). These cells preferentially use the Vj38 TCR in Lewis 
rats and H2 U mice (1). The superantigen (SAG) staphyloccocal 
enterotoxin (SE) B (SEB) is a potent T cell activator stimulating a 
large proportion of V/3S T cells and has been postulated to trigger 
autoimmunity by stimulating autoreactive T cells (2). SEB induces 
relapsing paralysis in PL/J (3, 4) and (PL/J X SJL/J^ mice (3) 
that have recovered from the first acute EAE attack. This property 
of SEB has been attributed to its ability to activate V/38 T cells and 
has given rise to analogies with the frequent precipitation of MS 
relapses by infectious events (5). 

(PL/J X SJL/J)Fj mice, when immunized with whole MBP, also 
have a high incidence of spontaneous relapses (6). These typically 
occur between days 23 and 32 after immunization, (7-10 days after 
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recovery from the initial EAE episode) (6) (C.S.C. and A.R., un- 
published observations). Thus, spontaneous relapses in (PL/J X 
SJL/J)F, mice are distinguishable from the SEB-induced relapses 
(3), which occur within 1 to 3 days after SEB administration. In- 
terestingly, staphyloccocal enterotoxin A (SEA), a SAG that does 
not activate V/38 T cells, can induce similar relapses (3, 4), sug- 
gesting that the mechanisms of SAG-induced relapses are not 
strictly V/38-dependent. 

Staphylococcal SAG bind the MHC class II molecule of the 
APC outside of the binding groove and, subsequently, as a binary 
complex bind to the V/3 region of the TCR (2). This process in- 
duces cytokines both in the T cell and in the APC (7). SAG binding 
to the MHC class II molecule on the APC induces signaling (8), 
cytokine gene transcription (9) and secretion (10), and nitrite pro- 
duction (11). Staphylococcal SAG preferentially induce Thl cy- 
tokines (12-14). SAG binding is enhanced by IFN-y, suggesting 
that cooperation of T cells and MHC class II-positive APC is 
needed for optimal SAG-induced responses (15). 

An important cytokine produced by activated APC is IL-12. 
This heterodimeric cytokine, consisting of the p35 and p40 sub- 
units, induces IFN-y production by T and NK cells (16, 17) and is 
pivotal in Thl -type immune response development (18, 19). IL-12 
is involved in the induction of the acute phase of EAE, as dem- 
onstrated by the ability of a neutralizing anti-IL-12 Ab to prevent 
both actively induced EAE (C.S.C. and A.R., unpublished obser- 
vations) and adoptively transferred EAE (20), and by the increased 
encephalitogenicity of neuroantigen -reactive T cells stimulated 
with IL-12 (20, 21 ). In addition, exogenous IL-12 induces relapses 
in an otherwise typically monophasic form of EAE in Lewis rats 
(22). Thus, it is of interest to determine whether endogenous IL-12 
plays a role in EAE relapse, characterized in our mouse model by 
both spontaneous and SAG-induced relapses. Moreover, because 
SAG, including staphylococcal SAG, can induce IL-12 production 
by APC in vitro (23-25), it is interesting to determine this ability 
in vivo (particularly because SAG may have different effects in 
vitro and in vivo) and to investigate whether this induction plays a 
role in the relapsing paralysis of EAE. 

0022-1767/98/S02.00 
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Staphylococcus aureus is a potent inducer of IL-12 (26). More- 
over, recent evidence indicates that the ability of several bacteria- 
derived substances, including staphylococcal products, to over- 
come resistance to EAE is mediated through IL-12 induction (27). 
S. aureus SAG also synergize with JL-12 (28). In this study, we 
investigated the role of IL-12 in relapsing EAE in (PL/J X SJL/ 
J)F*! mice. We analyzed the p40 subunit (the inducible component 
of IL-12) and the p70 heterodimer (generally p40 correlates well 
with the biologically active p70) (16, 26). We showed that SE 
induce IL-12 in splenocytes in vitro and in vivo. We also demon- 
strated that neutralizing anti-IL-12 Abs prevent SE-induced re- 
lapses. Further, spontaneous relapses are prevented by anti-IL-12 
Abs. IL-12 administration mimics SE in inducing spontaneous re- 
lapses and enhancing the severity and frequency of spontaneous 
relapses. 

Materials and Methods 

Mice 

Male or female (PL/J X SJL/J)Fj mice were purchased from The Jackson 
Laboratory (Bar Harbor, ME). The animals were sex and age matched 
within each experiment. Previous studies in our laboratory and others' (6) 
showed no differences between male and female mice of this strain in terms 
of EAE susceptibility and frequency of relapses. 

Reagents and Ag 

MBP was prepared from guinea pig spinal cord (Rockland, Gilbertsville, 
PA) (29), lyophilized, and stored at -20°C until use. SEA and SEB were 
purchased from Sigma (St. Louis, MO). Recombinant murine IL-12 was a 
generous gift of Dr. Maurice Gately (Hoffmann-La Roche, Nutley. NJ). 
Murine rIFN-y was purchased from PharMingen (San Diego, CA). Mono- 
clonal anti-mouse IL-12 Abs C17.8 (rat IgG2a), C15.1 (rat IgGl), and 
CI 5.6 (rat IgGl) were previously described (30). IFA and Mycobacterium 
tuberculosis H37 Ra were purchased from Difco (Detroit, MI). A 1:1 mix- 
ture resulted in CFA with 5 mg/ml M. tuberculosis. Bordetella pertussis 
toxin was obtained from List Biological Laboratories, (Campbell, CA). Rat 
Ig was purchased from Sigma. 

Induction of EAE 

Mice, 10 wk old, under anesthesia were immunized on day 0 in the hind 
footpads and at three sites on each side of the back with a total of 300 /i.1 
of 1:1 (v/v) mixture of MBP (2.67 mg/ml in PBS) and CFA containing 5 
mg/ml M. tuberculosis H37Ra. On days 0 and 2, 400 ng B. pertussis toxin 
were given i.p. 

Clinical scoring 

Mice were weighed daily and observed for clinical signs of disease for 
more than 40 days postimmunization. A clinical scoring system with a 
scale of 0 to 5, with 0.5 points for intermediate signs, was used as follows: 
0, normal; 1, flaccid tail, abnormal gait; 2, hind leg weakness or severe 
ataxia; 3, minimal hind leg movement; 4, hind leg and forelimb paralysis; 
5, moribund due to EAE, with impaired breathing and little or no sponta- 
neous movement. Mild disease had to be observed for 2 days or more and 
be confirmed by two independent, blinded observers to be considered pos- 
itive. The score increment was defined as the maximal increase, during a 
relapse, in the clinical score from the prerelapse score. 

Induction of relapses and treatment after recovery from first 
EAE episode 

Mice that had recovered from the acute disease (day 18 or 19 postimmu- 
nization) were injected i.p. with a single dose of 50 fig SEB or 25 fig SEA, 
both in PBS, or with 100 ng murine rIL-12 in PBS with 1% mouse serum. 
On the day of the above treatment and on the subsequent 2 days, some of 
the mice received 1 mg/day of either anti-IL-12 mAb C.I 7.8 or control 
rat IgG. 

The mice were observed daily for development of relapsing disease. 
Relapses occurred 1 to 3 days after SE administration. Relapses with onset 
occurring 3 to 5 days following the treatment were attributed to the intrin- 
sically relapsing nature of EAE in these mice and coincided with relapses 
in mice that had been immunized on the same day but received no treat- 
ment following recovery from the initial episode. However, we cannot rule 
out the possibility that relapses occurring during this period may also be 
related to the effect of the SAG in the SAG-treated animals. 



Measurement of cytokines in serum and splenocyte supernatants 

Mice were given the above doses of SEA or SEB in 100 /xl PBS via i.p. 
injection. Control mice were given 100 jliI PBS. Blood was harvested in 
heparinized tubes by retro-orbital bleeding at 6 h and 24 h, centrifuged, 
sera removed and diluted at concentrations of 1: 10 for IL-12 p40 and IL-12 
p70 measurement. 

For in vitro cytokine studies, spleens of mice were homogenized to 
single-cell suspensions by passage through a stainless steel mesh. RBC 
were removed by hypotonic lysis in NH 4 Cl-containing buffer. IL-12 p40 
and IL-12 p70 assays were performed in total spleen cell populations stim- 
ulated either with medium alone (RPMI 1640 with 5% FBS with antibi- 
otics) or with the same medium containing SEA or SEB, 2.5 jug/ml. IL-12 
p40 was assayed in supernatants of spleen cells of mice using recombinant 
murine IL-12 as standard, following a two-site RIA as described (30). 
Briefly, samples were placed in 96-well plates (Dynatech Laboratories, 
Chantilly, VA) coated with 5 /xg/ml of CI 7. 15 anti-mouse IL-12 mAb and 
incubated overnight at 4°C. Plates were washed, and l25 I-labeIed CI 5.6 
was added. Bound radioactivity after 6 h incubation at 4°C was measured 
in a microplate scintillation counter (Topcount. Packard, Meriden. CT). 
Samples were assayed in triplicate. IL-12 p70 was measured in a biologic 
assay based on IL-12-dependent induction of IFN-y in murine splenocytes, 
as described (30). The sensitivity of RIA detecting IL-12 p40 is 30 pg/ml, 
and the sensitivity of biologic assay detecting IL-12 p70 is 3 pg/ml. IFN-y 
was assayed in supernatants of spleen cells of mice using recombinant 
murine IFN-7 as standard according to a two-site RIA as described (30). 

Histopathology 

Animals under anesthesia were perfused through the heart with 10% phos- 
phate-buffered formalin. Brains and spinal cords were fixed in formalin, 
dehydrated through graded alcohols, and embedded in paraffin. Five-mi- 
crometer sections of brain and spinal cord were cut serially and mounted on 
poly-L-lysine-coated glass slides. Five spinal cord sections and five brain 
sections obtained at similar levels from each mouse were stained. For as- 
sessment of inflammation, sections were stained with hematoxylin-eosin. 
For evaluation of demyelination, sections were stained with Luxol fast blue 
and counterstained with cresyl violet. The extent of inflammation and de- 
myelination was scored on a scale of 0 to 3, based on the fraction of tissue 
section quadrants containing lesions out of 20, as previously described 
(31): 0, absent; 1, mild (1-7 quadrants); 2 ? moderate (8-13 quadrants); 3, 
severe (14-20 quadrants); and 0.5 points for intermediate degrees of his- 
tologic severity. 

Statistical analysis 

The two-tailed Student's / test was used to assess the significance of dif- 
ferences in clinical scores between groups. Incidences of EAE relapses 
were compared using the test. 

Results 

SE induce IL-12 in vitro 

To determine whether SE induce IL-12 production by splenocytes 
(most likely APCs) in vitro, we harvested spleen cells from naive 
(PL/J X SJL/J)F, mice and measured the production of IL-12 p40 
in cell culture supernatants 6 and 24 h after stimulation with SE in 
vitro, with or without IFN-7 (100 U/ml) pretreatment. Both SEA 
and SEB induced IL-12 p40 in (PL/J X SJL/J)F, splenocytes with- 
out IFN-y pretreatment (data not shown), confirming results of 
studies using murine peritoneal macrophages (24). This induction 
was consistently higher when splenocytes were pretreated with 
IFN-y (100 U/ml) for 16 to 18 h before stimulation. Figure \A 
shows the results of a typical experiment, in which induction of 
IL-12 p40 by SEA and SEB is demonstrated in murine splenocytes 
after pretreatment with IFN-y. Without IFN-y pretreatment, the 
corresponding IL-12 p70 measured by biologic assay was either 
just above the detection limit (<2 pg/ml) or absent. In contrast, 
IFN-y pretreatment resulted in consistently detectable amounts of 
IL-12 p70 after SE stimulation. Figure \B shows an example of 
IL-12 p70 induction by SEA and SEB after IFN-y pretreatment 
measured in the same supernatants as in Figure \A. Stimulation 
with IFN-y alone did not induce significant levels of IL-12 p40 or 
IL-12 p70 (data not shown). The slight increase in IL-12 p40 after 
24 h in culture (as seen in Fig. I A) is also noted with splenocytes 
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FIGURE 1. Production of IL-12 p40 (A) and IL-12 p70 (B) by murine 
spleen cells prestimulated in vitro with IFN-y (100 U/ml) for 16 h and then 
stimulated with 2.5 fxg/m\ SEA or SEB for the designated durations. Re- 
sults are shown as mean ± SEM of triplicate measurements of one exper- 
iment. Splenocytes were obtained and pooled from two to three (PL/J X 
SJL/J)Fj mice per experiment. Similar results were obtained in four addi- 
tional experiments. 

that were allowed to adhere for ^24 h without IFN-y or other 
stimuli; this increase is never associated with detectable IL-12 p70. 

To determine whether JL-12 induction by SE correlates with 
induction of IFN-y, we measured IFN-y in supernatants of SE- 
stimulated spleen cells. Large amounts of IFN-y, up to 40 ng/ml, 
were detected after both SEA and SEB stimulation, the peak of 
IFN-y corresponding to that of IL-12 p40 and IL-12 p70 at 24 h 
after stimulation (data not shown). 

SE induce IL-12 in vivo 

The in vitro and in vivo effects of SAG can be different, particu- 
larly with respect to T cell activation vs anergy. In contrast, SE are 
known to induce cytokines, including TNF, both in vivo and in 
vitro (32). However, although neutralization of TNF alone signif- 
icantly delayed SEB-induced relapses, it did not completely pre- 
vent them (3). IL-12 is involved in EAE induction (20) and syn- 

Table I. Effect of anti-IL-12 on SE-induced EAE relapse" 
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FIGURE 2. Induction of IL-12 p40 by SE in vivo. Mice were injected 
with SEA 25 /xg or SEB 50 /ug i.p. Heparinized blood was harvested at the 
designated time points, and IL-12 p40 levels were measured in diluted 
serum samples by RI A as described in Materials and Methods. Results are 
shown as mean ± SEM of three measurements per time point, each ob- 
tained from the serum of one mouse. Similar results were obtained in three 
additional experiments. 



ergizes with TNF (33, 34). Therefore, we investigated whether in 
vivo SE administration increases IL-1 2. We measured serum IL-12 
p40 in mice 6 and 24 h after the i.p. administration of 25 /xg/mouse 
SEA or 50 pig/mouse SEB. We demonstrated that this treatment 
induces increased levels of p40 JL-12 in the sera of these mice 
(Fig. 2). The induction kinetics is similar to that shown in murine 
endotoxic shock (30). We also measured the levels of IL-12 p70 
heterodimer in these sera and observed consistently detectable lev- 
els only at the 6-h time point (data not shown). 

SE-induced relapses are prevented by anti-IL-12 Ab 

Previous studies have shown that anti-IL-12 Abs prevent acute 
monophasic EAE, while IL-12 increases its severity (20). We ex- 
amined whether the neutralizing anti-IL-12 mAb CI 7.8 could in- 
hibit or prevent SEB- or SEA-induced EAE relapses. After recov- 
ering from the initial acute EAE episode (day 18 or 19), mice 
received SEA 25 /xg/mouse or SEB 50 /xg/mouse i.p. On the day 
of SE treatment and on the following 2 days, a group of mice 
received additional treatment with anti-IL-12 mAb (1 mg/mouse 
i.p. per treatment), while the control group received control rat lgG 
(same dose). As shown in Table 1 and Figure 3, the incidence and 
severity (measured as mean increment in clinical score and mean 
maximal score) of SAG-induced EAE relapses was significantly 
reduced (p < 0.001 for both SEA and SEB) by treatment with 
anti-IL-12 Ab, while treatment with control rat IgG was ineffective. 

SE enhance severity and frequency of EAE relapses 

The above results confirm the ability of SE to induce clinical re- 
lapses in (PL/J X SJL/J)F l mice. In addition, this strain of mice 



Treatment 



SEB SEB + aIL-12 SEB + rat IgG SEA SEA + alL-I2 SEA + rat lgG 

Incidence of relapses (%) 11/12(91.6) 0/12(0)* 7/7(100) 6/8(75) 0/8 (0)* 3/5(60) 

Mean score increment (SD) 1.27 (0.44) 0 (0)* 1.21 (0.26) 0.83 (0.12) 0.06 (0.1)* 0.7 (0.1) 

Mean maximal score (SD) 1.54 (0.43) 0.23 (0.14)* > 1.31 (0.26) 0.92 (0.71) 0.12 (0.18)* 0.7 (0.44) 

" Mice were immunized with MBP + CFA. After recovering from the initial acute EAE episode (day 18 or 19), mice received SEB (25 /ig) or SEA (50 fx$). On the day 
of SE treatment and on the following 2 days, one group of mice received anti-IL-12, while a control group received rat IgG. 
* Significant difference with control rat IgG treatment (p < 0.001). 
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FIGURE 3. Prevention of SEA-induced (A), SEB-induced (5), or spon- 
taneous EAE relapses (shown both in A and B in the No-treatment groups) 
by neutralizing anti-IL-12 mAb. After recovery from the initial EAE at- 
tack, mice were either given no further treatment or were treated as indi- 
cated in the figure by the arrow and the notation "Treatment." Results are 
shown as mean ± SD of clinical scores given as described in Materials and 
Methods. The differences between SE only or SE + control Ab- and SE + 
anti-IL-12 Ab-treated mice are statistically significant (p < 0.05). Further 
characteristics of EAE in each group are given in Tables I and II. The 
number of mice shown in the figure for each experimental group corre- 
sponds to the total number per group shown in Tables I and II. 



has a tendency toward spontaneous relapses, with incidence vary- 
ing between 20% (3) and 1 00% (6), depending in part on the im- 
munization protocol. Our unpublished results have shown a mean 
incidence of spontaneous relapses of 75% (range: 50-100%), with 
typical occurrence 7 to 10 days after recovery from the initial 
paralysis. In this paper, we use the term "spontaneous relapses" to 
denote relapses that occur in immunized mice that have received 
neither SE nor IL- 1 2 treatment after the recovery from their initial 
EAE episode. We examined whether SE administration influences 



the occurrence or severity of spontaneous relapses. We found that 
animals treated with SE after recovery from the initial EAE event, 
in addition to experiencing an immediate SE-induced relapse, had 
an increased incidence and severity of later relapses (p < 0.0001) 
(Table U and Fig. 3). Anti-IL-12 Ab treatment at the time of SE 
administration significantly decreased the incidence and severity 
of relapses, while administration of the control Ab rat IgG at the 
time of SE administration had no effect. 

Histopathologic evaluation of the brain and spinal cord was per- 
formed on selected mice from the SE + control Ab- and SE + 
anti-IL-12-treated groups. Mice were sacrificed at day 33 postim- 
munization. SE + control Ab-treated mice exhibited mild perivas- 
cular and meningeal inflammation in the brain and severe inflam- 
mation involving the meninges, the perivascular spaces, and 
parenchyma, and accompanied by demyelinating changes in the 
spinal cords (Fig. 4, A and B). In contrast, histopathology in SE + 
anti-IL-12-treated mice revealed no inflammatory or demyelinat- 
ing changes (Fig. 4C), with the exception of minimal meningeal 
infiltration in a single case out of three in SEB + anti-IL-12- 
treated mice (Table III). The differences between SE + control Ab 
and SE + anti-IL-12 were statistically significant (p < 0.05). 

Severity and frequency of EAE relapses are enhanced by IL-12 
and suppressed by anti-IL-12 Ab 

We postulated that anti-IL-12 treatment may suppress relapses in 
mice not given SE treatment. We also wanted to determine 
whether systemic administration of murine rIL-12 can mimic SE 
effects by inducing EAE relapses and/or affecting the severity of 
relapses. After recovery from the initial bout of EAE, five mice 
received anti-IL-12 mAb C17.8 (1 mg/mouse/day i.p. for three 
consecutive days) while four control mice received the same quan- 
tities of rat IgG. None of the anti-IL- 1 2-treated mice developed 
relapses, whereas three of four (75%) control Ab-treated mice had 
relapses. The mean severity of the relapse (±SD) in the rat IgG- 
treated group was 1.125 (±1.031); the mean increment was 1.125 
(±0.25). The difference was statistically significant (p = 0.04 
compared with the rat IgG-treated group) (Fig. 5). The protective 
effect of anti-IL-Abs was longer lasting than the ~ 15 days of per- 
sistence of these Abs in the circulation. None of the five animals 
followed >50 days developed a relapse, in contrast to the average 
of 60% of untreated mice that developed at least a third attack. 

After recovery from the initial EAE episode (day 18 or 19), 10 
mice received 100 ng i.p. of murine rIL-12. Six mice (60%) de- 
veloped a relapse on the day following IL-I2 administration 
(mean ± SD score increment, 1.08 ± 0.44). No relapses were 
noted immediately following the cytokine treatment in the remain- 
ing four mice. However, all mice receiving IL-12 treatment had a 
significantly more severe relapse. These relapses occurred at the 
same time (day 24-30) as the spontaneous relapses in mice not 
receiving treatment after recovery from the initial paralysis. How- 
ever, the incidence (10/10 or 100%) was higher than that of spon- 
taneous relapses in the animals without this treatment (6/9 or 



Table II. Effect of anti-IL-12 on SE-enhanced spontaneous EAE relapses" 











Treatment 










None 


SEB 


SEB + aIL-12 


SEB + rat IgG 


SEA 


SEA + aIL-12 


SEA + rat IgG 


Incidence of relapses (%) 


6/9 (66.7) 


12/12(100) 


2/12(16.7)* 


7/7(100) 


7/8(87.5) 


0/8 (0)* 


4/5 (80) 


Mean score increment (SD) 


1.08 (0.2) 


3.57(1.2) 


0.18(0.38)* 


2.5(1.4) 


2.31 (1.7) 


0.08 (0.2)* 


2.6(1.65) 


Mean maximal score (SD) 


1.11 (1.54) 


3.64(1.4) 


0.2 (0.4)* 


2.93(1.6) 


2.43(1.7) 


0.25 (0.24)* 


2.6 (0.24) 



■ Mice were immunized with MBP + CFA. After recovering from the initial acute EAE episode (day 18 or 19), mice received SEB (25 ptg) or SEA (50 /ig). On the day 
of SE treatment and on the following 2 days, one group of mice received anti-IL-12, while a control group received rat IgG. 
h Significant difference with control rat IgG treatment (p < 0.0001). 
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Table III. Histopathology of EAE in SE + control Ab and SE + ami- 
IL-12 Ab-treated mice 

Treatment 



FIGURE 4. Representative section of spinal cord of mouse with EAE 
after administration of SEB + control Ab (A and B) or SEB + anti-IL-12 
Ab (Q. Perivascular and parenchymal inflammation and demyelination are 
noted in A and B. while no significant histopathology is observed in C. 
Similar results were obtained in mice with SEA-induced relapses. The 
differences between SE + control Ab- and SE + anti-IL-12 Ab-treated 
mice were statistically significant (p < 0.05). This section was stained with 
Luxol fast blue and counterstained with cresyl violet. Magnification: A and 
C, X200; B, X400. 



67%). In addition, the mean (±SD) score increment was 2.61 
(±1.53), as compared with 1.08 (±0.2) in the untreated mice. 
Also, the mean (±SD) maximal scores were enhanced: 2.71 
(±1.44) as compared with 1.11 (±1.54) in mice receiving no 
IL-12 treatment. The difference was significant (p < 0.05 com- 
pared with mice receiving no treatment). 





SEA + 


SEA + 


SEB + 


SEB + 




rat IgG 


alL 12 


rat IgG 


a IL-12 


Inflammation 










Brain 


0.5 ±0 


0 ± 0* 


0.67 ±0.17 


0 ± 0 t 


Spinal cord 


2.75 ± 0.25 


0±0* 


2.5 ± 0.29 


0.17 ±0.17* 


Demyelination 










Brain 


0 ± 0 


0 ±0 


0 ± 0 


0 ± 0 


Spinal cord 


0.67 + 0.17 


0 + 0 § 


1.0 + 0.29 


0 + Ql 



a Three mouse brains or spinal cords were included in each treatment group, with 
the exception of spinal cords of SEA + anti-IL-12-treated mice, for which n = 2. 
Histopathologic evaluation was performed, and scores were given as described under 
Histopathology. 

* , p < 0.001; f ,ps 0.02; *p < 0.002; § , p = 0.05; 1 , p ^ 0.03. 



Discussion 

These studies indicate that IL-12 plays a role in spontaneous and 
SE-induced EAE relapses. In our investigation of expression of 
IL-12 during murine relapsing EAE in (PL/J X SU/J^ mice, we 
have found mRNA for IL-12 in the CNS only during the acute 
phases and its absence during remission phases (C.S.C and A.R., 
unpublished observations). When we measured serum IL-12 dur- 
ing various stages of EAE in these mice, we did not find detectable 
levels of IL-12 p70. We believe that the amount of IL-12 in the 
serum of these animals is below the threshold of detection of our 
assay and will increase to detectable levels when mice are treated 
with SE or IL-12. The fact that neutralization of endogenous IL-12 
prevented relapses argues for an important role of endogenous 
IL-12 in the course of EAE. 

IL-12 is essential in the generation of Thl responses and, there- 
fore, plays a key role in the immune response to intracellular 
pathogens (19). Moreover. IL-12 is involved in the induction of T 
cell-mediated autoimmune diseases (35) including EAE (20, 21, 
27). The role of IL-12 in the maintenance or recurrence of Thl 





No treatment 


— a — 




IL-12 


— ♦ — 




anti-IL-12 




10 15 20 25 
Days after immunization 



35 



FIGURE 5. Effect of IL-12 and of neutralizing anti-IL-12 mAb on the 
course of relapsing EAE. After recovery from the initial attack of EAE, 
mice were treated as indicated in the figure by the arrow and the notation 
"Treatment." IL-12 mimics in part SE action by inducing immediate re- 
lapses and worsening later relapses. Anti-IL-12 Ab prevents spontaneous 
relapses. Results are shown as mean ± SD of clinical scores given as 
described in Materials and Methods. The course of EAE in mice treated 
with control rat IgG completely overlaps with that of mice receiving no 
treatment and is omitted for graphical clarity. The number of mice in each 
group is as follows: anti-IL-12 mAb, n = 5; rat IgG, n - 4; IL-12, n - 10; 
no treatment, n = 10). Further characteristics and statistical data are in- 
cluded in Results. 
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immune responses has also become a subject of recent investiga- 
tions. The memory responses to certain infections appear to be 
IL-12-independent (36, 37). In the well-characterized model of 
murine leishmaniasis, we also recently demonstrated IL-12 inde- 
pendence of the Thl response in the secondary infection (69). In 
contrast, the maintenance and chronicity of some, but not all, T 
cell-mediated autoimmunity appear to require IL-12. For example, 
the established chronic autoimmune reaction in experimental co- 
litis is abrogated by neutralization of IL-12 (38). In contrast, how- 
ever, administration of IL-12 during the established phase of au- 
toimmune collagen-induced arthritis suppressed disease due to 
induction of IL-10 (39). Seder (40) has hypothesized that the dif- 
ferential IL-12 dependence of established Th l responses in auto- 
immunity vs infectious diseases may reflect differences in the ini- 
tial levels of endogenous IL-12 induction, with higher amounts of 
IL-12 produced during infection than during the response to an 
autoantigen. Because IL-12 also induces IL-10 (41, 42) in a po- 
tential autoregulatory loop, it is possible that the differential IL-12 
dependence resides in the balance between IL-12 and IL-10. The 
role of IL-10 in EAE has been debated. A role in the recovery from 
EAE has been postulated based on the presence of IL-10 mRNA in 
the CNS of EAE animals in the recovery phase (43). With regard 
to the induction phase of EAE, the exogenous delivery of the cy- 
tokine in some studies was successful (44), while in other studies 
it was unsuccessful in preventing the disease (45). With regard to 
relapses, exogenous IL-10 could not prevent the SEB-induced re- 
lapses, while neutralization of the endogenous IL-10 worsened the 
relapses (46). This underscores the strength of cross-regulation in 
the endogenous cytokine network, which can determine the sus- 
ceptibility, the course, and the cytokine dependence of autoimmu- 
nity. Recently, a unique 1L-10/1L-12 immunoregulatory circuit 
controlling susceptibility to EAE has been demonstrated (47), and 
it is likely that perturbation of this loop (for example, as in our 
study) by microbial products powerfully changes the outcome and 
manifestations of EAE. 

A clear possibility to consider in the case of relapsing autoim- 
munity is that IL-12 is important for the phenomenon of determi- 
nant (epitope) spreading. Evidence has accumulated indicating that 
propagation and reactivation of autoimmune diseases occur 
through the acquisition of autoreactivity to new self-determinants 
(48-50). Recently it has been shown that during the development 
of the determinant spreading cascade in murine relapsing EAE 
new sets of T cells are generated that exhibit a Thl phenotype (50). 
Therefore, it is likely that the presence of IL-12 in the cytokine 
milieu during epitope spreading facilitates the development of 
these pathogenic neoautoreactive T cells. 

Optimal Thl responses require a synergy between IL-12 and the 
B7-CD28 interaction (51, 52). Blockade of B7 costimulation ef- 
fectively prevented epitope spreading and clinical relapses in EAE 
(53, 54). Therefore, it is also important to characterize the role of 
IL-12, the other principal component required for optimal Thl 
responses, in ongoing chronic or relapsing T cell-mediated auto- 
immunity. Here, we show that IL-12 neutralization can also pre- 
vent spontaneous relapses in EAE. In addition, we effectively pre- 
vented the occurrence of SE-induced relapses with an anti-IL-12 
Ab. Although the assessment of the longevity of the protective 
effect of IL-12 neutralization was not the primary objective of this 
study, the fact that animals given anti-IL-12 Ab did not develop 
relapses for a long time following treatment while untreated ani- 
mals did, provides further support to the hypothesis that once 
epitope spreading is prevented through blockade of costimulation 
and/or of IL-12, relapses are also prevented. 

The mechanisms of SAG -induced and spontaneous relapses 
may be different. Activation of the residual S AG-responsive T 



cells with specific V/3 TCR (for example, V/38 for SEB) (3) is 
postulated and likely to be responsible for the SE-induced relapses. 
Epitope spreading, as discussed above, is involved in spontaneous 
EAE relapses (45). Our current findings implicate IL-12 in the 
mechanism of both processes of T cell reactivation and corre- 
sponding clinical relapse in EAE. With respect to the SE-induced 
relapses, we demonstrated that SE induces IL-12 in vitro, consis- 
tent with previous results (24), and, to our knowledge, documented 
for the first time induction of IL-12 by SAG in vivo. Moreover, we 
showed that exogenous IL-12 mimicked SE action, inducing rapid 
relapses, resembling effects recently shown in Lewis rats (22). Be- 
cause staphylococcal SAG also induce IFN-7 (55), it is possible 
that IFN-7 production by T cells is stimulated by SE-induced IL- 
12, and reciprocal stimulation of IFN-yand IL-12 between T cells 
and APC is initiated. Although both SE induced similar levels of 
IL-12 in vitro and in vivo, the severity of SEA-induced relapses 
was lower than that of relapses induced by SEB. However, both 
SEA- and SEB-induced relapses exhibited significant dependence 
of this IL-12 induction. The basis of these differences is currently 
not completely elucidated. We used the same doses of SE that were 
shown in a previous study (3) to induce relapses in (PL/J X S JL/J) 
mice. Interestingly, in that study, SEA was also less efficient than 
SEB in inducing relapses. It is possible that, despite similar IL-12 
inducibility, the lower frequency of SEA-responsive T cells makes 
this reciprocal stimulation between IL-12 and IFN-y less efficient, 
which may explain the lower severity of SEA-induced relapses. 

Migration of T cells to the inflammatory compartment, in this 
case the CNS, may also be stimulated by SE via IL-12 in a manner 
similar to the demonstrated IL-12 mediation of skin-homing re- 
ceptor induction by staphylococcal SAG (23). This can explain the 
absent or minimal inflammation or demyelination in the CNS of 
mice given SE + anti-IL-12 compared with the inflammatory in- 
filtrates of mice given SE + control Ab observed in our study. 
IL-12 up-regulates the very late Ag (VLA)-4-dependent T-cell mi- 
gration (56), a phenomenon known to be required for T cell entry 
into the brain parenchyma (57). We also demonstrated enhanced 
expression of VLA-4 on murine MBP-reactive T cells after expo- 
sure to IL-12 (C.S.C. and A.R., unpublished observations). Thus, 
the neutralization of IL-12 may have prevented the up-regulation 
of VLA-4 and the reentry of autoreactive T cells into the brain. In 
addition, IL-12 may provide a death-preventing signal to MBP 
reactive T cells, as shown for other Ag-specific T cells (58). 

No or very few residual inflammatory cells were seen in the 
CNS of mice given SE and treated with anti-11-12 Abs. Because the 
time elapsed after recovery from the initial attack was relatively 
short, one may have expected residual inflammatory infiltrates. 
Their absence could be interpreted as a stimulated efflux of in- 
flammatory cells from the CNS of mice treated with anti-IL-12 Ab 
similar to that postulated in the case of EAE mice treated with 
altered peptide ligands in which relapses were also prevented (59). 
Another explanation, consistent with our observation that the first 
bout is relatively short and mild in these mice and with the fact that 
the clinical residual deficit after the first bout was also mild, is that 
the inflammation was almost completely resolved at the time of SE 
administration. In support of this explanation is the fact that 
histologic analysis of the CNS of mice with near-complete clini- 
cal recovery shortly after the first episode is usually normal or 
only minimally abnormal (C.S.C, A.R., and B.H., unpublished 
observations). 

Because spontaneous relapses may occur through epitope 
spreading (49), our results suggest that IL-12 plays a role in this 
phenomenon. Because B7 blockade also prevents spontaneous re- 
lapses, this is additional evidence for the complementarity of these 
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two costimulatory factors necessary for optimal Thl responses in 
vivo and in vitro. 

Previously, other cytokine-based immunologic manipulations 
have affected either SAG-induced or spontaneous EAE relapses. 
Administration of TGF-jS (46, 60, 61), IL-10 (46), or IFN-r (62) 
prevented relapses, while anti-TGF-/3 worsened them (63). Block- 
ade of TNF decreased the incidence and severity of relapses (3, 63) 
and ameliorated EAE in a chronic/relapsing model (64). Interest- 
ingly, the cytokines that can prevent relapses antagonize 1L-12, 
while cytokines implicated in relapse pathogenesis synergize with 
IL-12 (33, 65, 66). Thus, disease-suppressing effects in relapsing 
EAE may be mediated through IL-12 blockade, while relapses may 
involve IL-12 and synergistic factors. 

Triggering and reactivation of autoimmunity by infectious prod- 
ucts are documented in both spontaneous and experimental dis- 
ease. Spontaneous EAE in MBP-specific transgenic mice occurred 
only in animals kept in a normal, pathogen-containing environ- 
ment and not in animals kept in a specific pathogen-free facility 
(67). The effects of SAG on EAE exacerbations have been attrib- 
uted either to restricted TCR-dependent mechanisms (3) or to non- 
specific mechanisms, which include cytokine release (4). The 
present study supports the latter hypothesis that SAG also employ 
nonspecific mechanisms in reactivating EAE. The role of cyto- 
kines in the infection-induced reactivation of autoimmunity has 
been investigated, particularly with respect to TNF (3, 46, 68). 
Segal et al. (27) recently implicated IL-12 in the pathogenesis of 
this phenomenon as well. Our results extend these observations 
and bring them into the context of bacterial T cell SAG. 

In conclusion, we show the ability of SE to induce IL-12 and 
demonstrate the involvement of IL-12 in SE-induced and sponta- 
neous relapses of EAE. These findings may help to elucidate 
immunopathogenic mechanisms of relapsing autoimmunity and 
may provide clues to the immunopathology of MS. Neutraliza- 
tion of IL-12 may prove an effective therapy for autoimmune 
demyel ination. 
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Abstract 



BACKGROUND 

Crohn's disease is associated with excess cytokine activity mediated by type 1 helper 
T (Thl) cells. Interleukin-12 is a key cytokine that initiates Thl-mediated inflammatory 
responses. 

METHODS 

This double-blind trial evaluated the safety and efficacy of a human monoclonal anti- 
body against interleukin-12 (anti-interleukin-12) in 79 patients with active Crohn's 
disease. Patients were randomly assigned to receive seven weekly subcutaneous injec- 
tions of 1 mg or 3 mg of anti-interleukin-12 per kilogram of body weight or placebo, 
with either a four-week interval between the first and second injection (Cohort 1) or no 
interruption between the two injections (Cohort 2). Safety was the primary end point, 
and the rates of clinical response (defined by a reduction in the score for the Crohn's 
Disease Activity Index [CDAI] of at least 100 points) and remission (defined by a CDAI 
score of 150 or less) were secondary end points. 

RESULTS 

Seven weeks of uninterrupted treatment with 3 mg of anti-interleukin-12 per kilogram 
resulted in higher response rates than did placebo administration (75 percent vs. 25 
percent, P=0.03). At 18 weeks of follow-up, the difference in response rates was no 
longer significant (69 percent vs. 25 percent, P=0.08). Differences in remission rates 
between the group given 3 mg of anti-interleukin-12 per kilogram and the placebo 
group in Cohort 2 were not significant at either the end of treatment or the end of fol- 
low-up (38 percent and 0 percent, respectively, at both times; P=0.07). There were no 
significant differences in response rates among the groups in Cohort 1. The rates of 
adverse events among patients receiving anti-interleukin-12 were similar to those 
among patients given placebo, except for a higher rate of local reactions at injection 
sites in the former group. Decreases in the secretion of interleukin-12, interferon-% 
and tumor necrosis factor a by mononuclear cells of the colonic lamina propria ac- 
companied clinical improvement in patients receiving anti-interleukin-12. 

CONCLUSIONS 

Treatment with a monoclonal antibody against interleukin-12 may induce clinical re- 
sponses and remissions in patients with active Crohn's disease. This treatment is asso- 
ciated with decreases in Thl-mediated inflammatory cytokines at the site of disease. 
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INTERLEUKIN-12 IS A KEY CYTOKINE THAT 
drives the inflammatory response mediated by 
type 1 helper T (Thl) cells. 1 ' 2 As such, it under- 
lies both normal host responses to a variety of in- 
tracellular bacterial, fungal, and protozoal patho- 
gens and the abnormal inflammatory responses 
that accompany many autoimmune diseases, such 
as Crohn's disease. Crohn's disease is characterized 
by increased production of interleukin-12 by anti- 
gen-presenting cells in intestinal tissue and inter- 
feron-? and tumor necrosis factor a (TNF-a) by in- 
testinal lymphocytes and macrophages. 3 " 7 These 
inflammatory cytokines induce and sustain the 
granulomatous inflammation and bowel-wall thick- 
ening that are hallmarks of Crohn's disease. 

Targeting interleukin-12 with antibodies is an 
effective treatment for the intestinal inflamma- 
tion in animal models of Crohn's disease. Mice with 
trinitrobenzene sulfonate-induced colitis have a 
Thl-mediated gut inflammation characterized by 
gready increased production of interleukin-12, inter- 
feron-?, and TNF-a. In mice, administration of a 
monoclonal antibody against interleukin-12 (anti- 
interleukin-12) can result in the resolution of estab- 
lished colitis and, if given at the time of induction of 
colitis, can prevent inflammation. 8 Anti-interleu- 
kin-12 can also prevent and treat the spontaneous 
colitis seen in models of Thl-mediated inflamma- 
tion such as mice thatoverexpress the human CD3e 
gene and mice deficient in interleukin-10. 9>1 ° 

We conducted a multisite, randomized, double- 
blind, placebo-controlled study to evaluate the safe- 
ty and efficacy of anti-interleukin-12 for Crohn's 
disease. We determined the rates of remission, clin- 
ical response, and adverse events using two doses 
and two dosing schedules and measured changes 
in the secretion of cytokines by mononuclear cells 
of the colonic lamina propria (LPMCs) after anti- 
interleukin-12 treatment. 



METHODS 



PATIENTS 

Eligible male or female patients were at least 18 
years old, had received a diagnosis of Crohn's dis- 
ease, and had a score on the Crohn's Disease Ac- 
tivity Index (CDA1) of 220 to 450 within two weeks 
before beginning treatment (CDAI scores can range 
from 0 to 600, with higher scores indicating more 
severe disease). 11 Eligible patients could continue 
to take concomitant medications if such therapy 
had begun at least 2 weeks before study treatment 



in the case of antibiotics; at least 4 weeks before in 
the case of mesalamine, sulfasalazine, prednisone 
(20 mg per day or less), or prednisone equivalent; 
and at least 12 weeks before in the case of azathio- 
prine or mercaptopurine. The doses of these medi- 
cations had to remain stable throughout the treat- 
ment period. Patients who had received antibody 
against TNF-a, methotrexate, cyclosporine, tac- 
rolimus, thalidomide, or mycophenolate mofetil 
within four months before randomization were ex- 
cluded, as were patients who had received any ex- 
perimental agent or more than 20 mg of predni- 
sone or prednisone equivalent per day within four 
weeks before randomization and patients who had 
received corticosteroid or mesalamine enemas with- 
in seven days or nonsteroidal antiinflammatory 
drugs within 24 hours before randomization. Fe- 
male patients were required to use two forms of 
contraception throughout the study period. Other 
exclusion criteria included the presence of an os- 
tomy, intestinal resection resulting in the short- 
bowel syndrome, a clinically significant abnormal- 
ity on chest x-ray film or electrocardiogram, bowel 
obstruction or a known high-grade stricture, prob- 
able requirement for intestinal surgery within 12 
weeks after randomization, stool examination or 
culture positive for pathogens or Clostridium difficile 
toxin, Cushing's syndrome, active acute infection 
requiring antibiotics, clinically significant labora- 
tory abnormalities, active hepatitis B or C virus in- 
fection, seropositivity for the human immunode- 
ficiency virus, a history of cancer, and a history of 
anaphylactic reaction to anti-TNF-a therapy. Wom- 
en who were pregnant or breast-feeding were ex- 
cluded. Patients were also excluded if they had a 
history of tuberculosis, positive purified protein 
derivative test, receipt of bacille Calmette-Gue'rin 
vaccine, or moderate or severe persistent asthma. 

Patients were screened for eligibility at partici- 
pating sites after the protocol had been approved 
by local institutional review boards or ethics com- 
mittees. Eligible patients were randomly assigned 
to receive treatment at 15 centers in the United 
States, Germany, and the Netherlands from Octo- 
ber 2000 to January 2002. 

STUDY DESIGN 

The study was a multicenter, randomized, placebo- 
controlled, double-blind, phase 2 clinical trial. After 
providing written informed consent, patients en- 
tered a 14-day screening phase to determine eligi- 
bility and pretreatment measurements. Two cohorts 
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were then enrolled sequentially: Cohort 1 received 
one injection followed four weeks later by one in- 
jection per week for six weeks, and Cohort 2 re- 
ceived one injection per week for seven weeks. On 
the basis of pharmacokinetic and preclinical data 
showing that 1 ug of anti-interleukin-12 per milli- 
liter of serum blocked 90 percent of interleukin- 
12-induced neopterin release in vivo, an equivalent 
dose of 1 mg per kilogram of body weight was cho- 
sen as the lower-limit dose. The four-week interval 
between the first and second dose in Cohort 1 was 
chosen to assess the safety of a single dose of anti- 
interleukin-12 in patients with Crohn's disease. Pa- 
tients were randomly assigned to receive subcutane- 
ous placebo, anti-interleukin-12 at a dose of 1 mg 
per kilogram, or anti-interleukin-12 at a dose of 
3 mg per kilogram in a 1:2:2 ratio by means of an 
independent, computer-generated randomization 
schedule without stratification or block allocation. 
Patients in Cohort 1 were seen two weeks after the 
first injection and at weekly intervals coinciding 
with the next six injections; patients in Cohort 2 
were seen weekly during the seven-week treatment 
phase. All patients were followed for 18 weeks after 
the final injection of study drug and were seen at 6, 
12, and 18 weeks. 

The anti-interleukin-12 (ABT-874/J695, Wyeth 
Research and Abbott Laboratories) is a recombi- 
nant, exclusively human-sequence, full-length IgGi 
A antibody genetically modified to recognize inter- 
leukin-12 p40 protein. The antibody was supplied 
as a lyophilized powder and reconstituted with 
water to yield an isotonic solution. The placebo was 
the same isotonic solution administered in a vol- 
ume appropriate to the assigned dose. 

Patients enrolled at the National Institutes of 
Health (NIH) study site underwent colonoscopyjust 
before the first injection and 48 hours after the final 
injection of study drug. At these times, biopsy sam- 
ples were obtained within the same gut regions 
only from areas with endoscopically apparent in- 
flammation or ulcer borders; biopsy specimens 
were used for histologic analysis and for the prepa- 
ration of LPMCs for cytokine measurements. 

All NIH investigators had complete access to 
the study data for review and analysis. The authors 
analyzed the data and wrote the article. The study 
sponsors (Wyeth and Abbott Laboratories) under- 
wrote the costs of the study and measured the se- 
rum levels of antidrug antibodies and anti-inter- 
leukin-12. The sponsors were not involved in the 
decision to publish the results. 



SAFETY ASSESSMENT 

The primary objective of the study was the safety 
of anti-interleukin-12 treatment in patients with 
Crohn's disease. Changes in clinical, biochemical, 
and hematologic variables were assessed on days 
15, 29, 43, and 64 in Cohort 1 and on days 8, 22, 
and 43 in Cohort 2 during the treatment phase and 
at each visit during the follow-up phase. The sever- 
ity and cause (study drug or procedure) of adverse 
events were determined. 

EFFICACY ASSESSMENT 

Secondary outcomes included measurement of the 
rates of response and remission at two prespecified 
points: at the end of treatment (day 64 for Cohort 1 
and day 43 for Cohort 2) and the end of follow-up 
(week 18). Remission was defined by a CDAI score 
of 150 or less, and a clinical response by a decrease 
in the CDAI score of at least 100 points. The CDAI 
was measured before treatment; during the week 
preceding days 15, 29, 43, and 64 in Cohort 1 and 
days 8, 22, and 43 in Cohort 2; and 6, 12, and 18 
weeks after the final dose of study drug. Changes in 
the pretreatment levels of cytokine secretion by 
LPMCs and in the histologic score were also as- 
sessed at the end of treatment in the patients en- 
rolled at the NIH. 

ANTIDRUG ANTIBODY ASSESSMENT 

Antidrug antibodies were measured in patients be- 
fore treatment; on days 15, 29, 43, and 64 in Co- 
hort 1 and days 22 and 43 in Cohort 2; and at each 
follow-up visit. Serum samples (diluted 1:25 and 
1:75) were incubated in enzyme-linked immuno- 
sorbent assay (ELISA) plates coated with anti-inter- 
leukin-12; bound antidrug antibodies were detect- 
ed by means of biotinylated anti-interleukin-12 
and horseradish peroxidase-streptavidin. The op- 
erational lower limit of detection of antidrug anti- 
bodies was a serum dilution of 1:25, and only sam- 
ples positive for antidrug antibodies at both the 
1:25 and 1:75 dilutions underwent further titering. 

PREPARATION OF LPMCs AND MEASUREMENT 
OF CYTOKINE RELEASE 

LPMCs were prepared according to a modification 
of a previously described procedure. 4 Cytokines 
were measured by ELISA from supernatants of cul- 
tured cells after stimulation with antibodies against 
CD2 or CD3 plus CD28 (T-cell stimulus) and Staphy- 
lococcus aureus Cowan I, interferon-?, and CD40 Iig- 
and trimer (antigen-presenting-cell stimulus). 12 
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STATISTICAL ANALYSIS 

The determination of the sample size was based 
primarily on safety outcomes and the ability to ob- 
serve adverse events. Given a group of 16 patients, 
all of whom received the same dose according to 
the same schedule, the power to observe at least one 
adverse event, assuming a true rate of adverse events 
of 5 percent, 10 percent, or 20 percent, was 0.56, 
0.82, or 0.97, respectively. 

The demographic characteristics of the groups 
and the rates of adverse events were compared by 
means of descriptive methods, and significant dif- 
ferences were identified by means of the t-test or 
Fisher's exact test (all tests were two- tailed). Efficacy 
evaluation was a secondary aim, and data from all 
patients who underwent randomization were ana- 
lyzed according to the intention-to-treat principle. 
Fisher's exact test was used to compare the remis- 
sion and response rates between the treatment and 
placebo groups at the prespecified points (the end 
of treatment and the end of the 18-week follow-up 
period) without adjustment for multiple compar- 
isons. Changes in mean cytokine secretion before 
and after treatment were evaluated by the paired 
t-test. 



RESULTS 

DEMOGRAPHIC AND BASELINE CHARACTERISTICS 
OF THE PATIENTS 

Among 123 patients who were screened, 79 eligi- 
ble patients were enrolled. The CDAI scores indi- 
cated that they had moderately active disease despite 
the concurrent use of medications for Crohn's dis- 
ease by 75 percent of patients. Eighty-four percent 
completed all seven study-drug injections, 87 per- 
cent completed at least six, and 66 percent com- 
pleted the entire protocol, including the 18-week 
follow-up period (Fig. 1). Demographic character- 
istics were similar within the two cohorts except 
that the group given 1 mg of anti-interleukin-12 
per kilogram in Cohort 1 had had Crohn's disease 
for a significantly longer time and had a higher 
CDAI score than the placebo group and was less 
likely to be taking 5-aminosalicylate drugs or any 
medication for Crohn's disease than the group given 
3 mg of anti-interleukin-12 per kilogram (Table 1). 
In Cohort 2, patients in the group given 3 mg per 
kilogram were more likely than those in the placebo 
group to be taking concomitant immunomodula- 
tory medications (Table 1). 



SAFETY AND ADVERSE EVENTS 

The most frequently reported adverse event was a 
local reaction at the injection site (Table 2). This 
event was significantly more common among pa- 
tients who received either 1 mg or 3 mg of anti- 
interleukin-12 per kilogram (range, 77 to 88 per- 
cent) than among patients who received placebo 
(25 percent). The majority of injection reactions to 
anti-interleukin-12 were mild (88 percent), and all 
responded to symptomatic therapy. One patient 
withdrew from the study owing to a local reaction 
after each of the first two injections. The incidence 
of other adverse events that occurred in more than 
10 percent of patients was not significandy differ- 
ent among the groups in either cohort (Table 2). 
There were no serious infections. 

Four patients discontinued the study because of 
adverse events: two in the group given 1 mg of anti- 
interleukin-12 per kilogram (one had injection-site 
reactions, and one was given a diagnosis of a small- 
bowel dysplastic adenoma after receiving four injec- 
tions) and two in the placebo group (one received a 
diagnosis of a peritoneal abscess, and one had an 
increase in the symptoms of Crohn's disease). Nine 
serious adverse events occurred, none attributed to 
anti-interleukin-12. Two of the nine serious adverse 
events occurred in patients in the placebo group. 
The other seven occurred in patients who received 
anti-interleukin-12: two had adverse events two to 
three months after the last dose of drug (one had 
diarrhea and dehydration and one had migraine and 
bone pain); one was hospitalized for partial ob- 
struction of the small bowel, which did not recur 
despite continued administration of drug; two had 
adverse events related to preexisting neoplastic con- 
ditions (skin cancer and dysplastic tubular adeno- 
ma); one had substance abuse requiring an evalua- 
tion in the emergency room; and one patient's wife 
became pregnant during the study (a concern be- 
cause of unknown teratogenic effects). 

Clinically significant laboratory abnormalities 
were noted in 17 patients who received anti-inter- 
leukin-12 and 5 patients who received placebo. The 
most frequent abnormalities were hyperuricemia 
(uric acid levels were 7.5 to 10.0 mg per deciliter in 
nine patients who received anti-interleukin-12 and 
two who received placebo and exceeded 10 mg per 
deciliter in one patient given anti-interleukin-12), 
hypoglycemia (in two patients given anti-interleu- 
kin-12), hyperamylasemia (in two patients given 
anti-interleukin-12), and hyperphosphatemia (in 
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Table 1. Baseline Demographic and Clinical Characteristics.*- 



Characteristic 



Cohort 1 

Anti-lnterleukin-12 
Placebo Antibody, 1 mg/kg 
(N-16) 



36.9±13.3 ; p 
20-60 

_ 3(38 L 



43.1±12.6 
28-80 

T(25p 

* ; -^(75) ; ; 



54-92 

- • "'V ' . "'.-A l< 



48-91 



(N-8) 

Age — yr 

Mean ; 

Range 
Sex — no"{%) • 

Male 
ff Female V 
Weight — kg 

Mean 

Range 
: Duration of disease 

Mean 76±58 165±145| 

Crohn's Disease Activity 
Index scored 

' -Mean 

Range 

Disease location — no:.(%) s 
Ileum 4 (50) 

Ileum and colon 1(12) 
Fistulizing disease — no. (%) 3 (38) 
Prior bowel resection 4 (50) 



Cohort 2 

Anti-lnterleukin-12 Anti-lnterleukin-12 Anti-lnterleukin-12 

Antibody, 3 mg/kg Placebo Antibody, 1 mg/kg Antibody, 3 mg/kg 
(N=16) (N=8) (N = 15) (N-16) 



\ ... 42.5±14^ " 4U12.6: " ; 3?;9±1 3.9 T |, ^^|| :8±U%^ 

21-71 23-62 22-72 23-66 



8(50) 

~^s"(50);;:; 



5 (31) 3 (38) 3 (20) 

^ li (69) 7 Z TS*5 "(62) ' , : . " 12(80)" 



68.5±14.5 *;~89yl±25.7^ 
48-102 55-120 



72*5±27.4 



48-131 



^ #7:3*14 
48-98 



■ -. .... 
34-518 ; 



139±115 125±117 175±177 154±112 

15-362 ■ 5-305 6-623 s 12-396 



279±53 ; 



231-399 



360±54t v 
282-469$ 



300±53: . 
204-3801 



3(19) 

• : 5 (31); 

8(5of 
10 (62) 
4 (25) 



4(25) 




4(50) 

6 (38)^f : ;\ r r i a2) 



6(38) 



3(38) 



7 (44) 3 (38) 



— no. (%) 



4(25) 



3(38) 



4(27) 

~9(60]P 
5 (33) " 



3(19) 



'44) 



6(38) 
10(62) 
7(44) 



Concomitant medication 



— no.(%) f .' 
None for Crohn's disease 2 (25) 
^5-Aminosalicylate^drugs 6 (75) if 



7(44) 

■ 7 (44) : 

Corticosteroids 4 (50) 3 (19) 

r Spundmocluip^ :; 2(25)f ^ (31) "If 



1(6)1 
"(25) 

■ 

■ 7(44).; 



4 (50) 4 (27) 

3 > (38);:^ / ^7 ( 4^TfT" 
2(25) 



o = ■:-<?■ 



6(40) 



2(12) 

10(62) ;y|'' 


, 8(50)t- ; 



* Plus-minus values are means ±SD. 

| P<0.05 for the comparison with the placebo group in the cohort. 

j Scores for the Crohn's Disease Activity Index can range from 0 to 600, with higher scores indicating more severe disease. 
J Two patients had a baseline score of more than 450, and both were included in the analysis. 
^ One patient had a baseline score of less than 220 and was included in the analysis. 
| P<0.05 for the comparison with the group given 1 mg per kilogram in the cohort. 



two patients given placebo). None of these abnor- 
malities required withdrawal from the study. 

DEVELOPMENT OF ANTIDRUG ANTIBODIES 

Antidrug antibodies were detected in only three pa- 
tients, ail of whom received 1 mg of anti-interleu- 



kin-12 per kilogram. Antidrug antibodies devel- 
oped three to four months after the final injection 
in two patients in Cohort 1 who had a response. 
These two patients also had unexpectedly low se- 
rum levels of anti-interleukin-12 and early clear- 
ance of anti-interleukin-12 from the serum; the 
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Table 2. Adverse Events Occurring in More Than 10 Percent of Patients, and Incidence of Antidrug Antibodies against Anti-lnterleukin-12. 



Adverse Event 



Placebo 
(N=8) 



Cohort 1 

Anti-lnterleukin-12 Anti-lnterleukin-12 

Antibody, 1 mg/kg Antibody, 3 mg/kg 
(N=16) (N = 16) 



Cohort 2 

Anti-lnterleukin-12 
Placebo Antibody, 1 mg/kg 
(N=8) (N=15) 



Anti-lnterleukin-12 
Antibody, 3 mg/kg 
(N-16) 



number of patients (percent) 



Nausea . \; „ 

Vomiting 

Abdominal pain - 
Arthralgia 
v Urinary tract infection 
Bronchitis 

Headache 

Fatigue 

Local injection-site reaction 

Antidrug antibodies against 
anti-interleukin-12| 



2(25);. 

"o ™ 

0 
0 

6 

2 (25) 
1 (12) 
1(12). 

0 ~ 

.;. ,'/> v ;::,>^:. : :. 



3 (19); . 

3 (19) 
1(6) / 

6~ 



.2(J2t 



6(38) 
' 4(25) ", 
"2(12)' 
:2 < /5 > 



. ; 2>(12) 




2(12) 


1(12) 


1(6) 


.. o ; 


2 (12) 


1(12) 


1(6) 


" " 1(12) 

. 


2 (12) 


0 


1 (6) 




1(6) 


1(12) 


4/(25) 


*"* -2(25)' 


" 1(6) " 


" 2 (25)' 



• 0;; .<. 

6 

1(2) • 
3(20) 

0 
0 

1 (2) 
1 (7) 



13 (81) 

..... V ' 



; 7 J,- 
2 (12) 0 



1 (7) 



>; 3(19) . 

3(19)" 
: -2J12) 
' "_1(6) ^ 

" ; "' o ■ 
"T(i2l 

15(94)* .> 
0 



* P<0.005 for the comparison with the placebo group in the cohort, 
■f Values reflect the overall incidence of antidrug antibodies. 



loss of response coincided with the detection of an- 
tidrug antibodies in one patient and preceded the 
detection of antidrug antibodies by two months in 
the other patient. Antidrug antibodies were detect- 
ed before treatment in one patient in Cohort 2 and 
persisted to the end of follow-up. This finding was 
not considered to be drug related, because it was 
present before treatment, there was no change in 
titer with treatment, and there was no association 
with low serum levels of anti-interleukin-12. Since 
the presence of measurable levels of anti-interleu- 
kin-12 in serum can interfere with the detection of 
antidrug antibodies, this assay may have underesti- 
mated the incidence of antidrug antibodies. How- 
ever, only three additional patients who received 
anti-interleukin-12 had unexpectedly low serum 
antibody levels, suggesting the presence of anti- 
drug antibodies, but no antidrug antibodies were 
detected, even when anti-interleukin-12 levels fell 
below quantifiable levels. 

CLINICAL RESPONSE AND REMISSION 

Cohort 1 

The Cohort 1 dosing schedule gave us an oppor- 
tunity to assess the effect of a single dose of anti- 
interleukin-12 as compared with that of placebo. 
Four weeks after one injection of study drug, 50 per- 



cent of the patients in the group given 1 mg per kilo- 
gram had a clinical response, as compared with 19 
percent in the group given 3 mg per kilogram and 
13 percent in the placebo group (Fig. 2A). The rate 
of remission at this time was 19 percent in the 
group given 1 mg per kilogram, 12 percent in the 
group given 3 mg per kilogram, and 0 percent in 
the placebo group (Fig. 2C). However, at the time 
of the final injection (nine weeks), the response rate 
was 63 percent in the group given 1 mg per kilo- 
gram, 56 percent in the group given 3 mg per kilo- 
gram, and 38 percent in the placebo group, and the 
remission rates were 31 percent, 44 percent, and 
38 percent, respectively. At the end of the 18-week 
follow-up phase, the group given 3 mg per kilo- 
gram maintained remission and response rates of 
50 percent, as compared with 19 percent each in 
the group given 1 mg per kilogram and 13 percent 
and 25 percent, respectively, in the placebo group. 
At no time were the rates in the anti-interleukin-12 
groups significantly different from those in the 
placebo group. 

Cohort 2 

The Cohort 2 dosing schedule was a continuous 
induction therapy of seven weekly injections of 
study drug. At the time of the final injection (seven 
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weeks), the respective response and remission rates 
were 27 percent and 8 percent in the group given 
1 mg per kilogram, 75 percent and 38 percent in 
the group given 3 mg per kilogram, and 25 percent 
and 0 percent in the placebo group (Fig. 2B and 
2D). At the end of the 18-week follow-up phase, 
the respective response and remission rates were 
69 percent and 38 percent in the group given 3 mg 
per kilogram, 20 percent and 13 percent in the 
group given 1 mg per kilogram, and 25 percent and 
0 percent in the placebo group. The response rate 
was significandy higher in the group given 3 mg 
per kilogram than in the placebo group at the end 
of treatment (75 percent vs. 25 percent, P=0.03) 
but not at the end of follow-up (69 percent vs. 25 
percent, P=0.08). Remission rates in the group 
given 3 mg per kilogram did not differ significantly 
from those in the placebo group at either the end of 
treatment or the end of follow-up (38 percent at 
both times vs. 0 percent at both times, P=0.07). 



EFFECTS OF A NTI-I NTERLE U K I N-12 
ON CYTOKINE SECRETION BY LPMCs 
AND HISTOLOGIC FINDINGS 

Treatment with anti-interleukin-12 was associated 
with decreases in the secretion of interleukin-12, in- 
terferon-?, and TNF-a by LPMCs after in vitro T-cell 
stimulation (used for interferon-y and TNF-a) and 
antigen-presenting-ceil stimulation (used for inter- 
Ieukin-12) (Fig. 3). Although the secretion of inter- 
leukin-6 also decreased after antibody treatment 
(P<0.06), the changes in the secretion of interleu- 
kin-10 and interleukin-18 were not significant. The 
magnitude of change in cytokine secretion did not 
correlate with the dose or regimen of anti-interleu- 
kin-12, but the only antibody-treated patient in this 
subgroup who did not have a clinical response (Pa- 
tient 8 in Fig. 3) had an increase in interferon-? se- 
cretion and no change in TNF-a secretion. One pa- 
tient in the subgroup (Patient 2) (data not shown) 
was randomly assigned to receive placebo but in- 
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P-0.05 




153.1*51.1 2;8±2.6 



P>0.25 




15,000- 



9835±3556 i079±355 



P=0.06 



"So 



10,000- 



-2 5,000- 




366.6±158.4 157.1±74.8 



; Baseline After 
; : : Treatment 

4336±1501 .760± 186.2 



E : 



P<0.01 




Baseline After 
,4- Treatment 

•3487*576 1063±281 



P>0.10 




19i.5i43.5 90.9±33.7 



m Patient 1 
A Patient 3 
▼ Patient 4 
O Patient 5 
6 Patient 6 
□ Patient 7 
A Patient 8 
V Patient 9 



Figure 3. Cytokine Secretion by Mononuclear Cells of the Colonic Lamina Propria from Patients with Crohn's Disease before and after Treat- 

men! with Ant;-lnierieukina2. 

. .., 

The mean (±SD);levels of each cytokine before and after treatment are shown under the x-axis. Solid symbols indicate patients in Cohort 1, 

and open symbols patients in Cohort 2. 



. 



advertently received a single dose of antibody as 
the fifth scheduled dose. This patient's baseline 
secretion of interleukin-12 (310 pg per milliliter), 
interferon-y (18,515 pgper milliliter), and TNF-a 
(6468 pg per milliliter) fell to 0, 1471, and 4342 pg 
per milliliter, respectively, two weeks later, coincid- 
ing with the induction of remission (reflected by a 
decrease in the CDAI score from 279 to 143). 

Treatment with anti-interleukin-12 in this sub- 
group of patients was also associated with a de- 
crease in mucosal histologic abnormalities. Of the 
eight patients in the subgroup who received anti- 
interleukin-12, seven had a response, and six of 
these seven had improved mucosal histologic 
scores. Using a modified d'Haens scoring system 
(no points were assigned for number of afFected bi- 
opsy samples, so the maximal possible score was 
13 instead of 16), 13 we found that the mean (±SD) 
score in these seven patients was 6.9±3.8 before 
treatment and 3.6±2.1 at the end of treatment 



(P=0.06). The one patient who did not have a re- 
sponse to antibody treatment and who had no de- 
crease in cytokine secretion had an increase in the 
histologic score. The patient in the placebo group 
who received a single dose of anti-interleukin-12 
two weeks before the end-of-treatment biopsies also 
had an increase in the histologic score; this change 
is consistent with the patient's worsening symp- 
toms just before the single dose of antibody and 
notable in the light of the decrease in cytokine 
secretion by LPMCs two weeks later. In general, 
histologic improvement was characterized by de- 
creased numbers of neutrophils, lymphocytes, and 
plasma cells and reduced epithelial damage, with 
the reappearance of goblet cells. 

DISCUSSION 

Our data demonstrate that targeting interleukin- 
12 p40 with a specific antibody may induce a clini- 
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cal response or remission in patients with active 
Crohn's disease. Furthermore, the resulting clini- 
cal responses and remissions could be rapid in on- 
set and durable. Patients treated with 3 mg of anti- 
interleukin-12 per kilogram had clinical responses 
after three weekly injections, and the response was 
sustained for at least 18 weeks after treatment 

The uninterrupted series of weekly injections of 
3 mg per kilogram (in Cohort 2) resulted in higher 
response rates than the interrupted series (in Co- 
hort 1). The difference in treatment effects between 
the regimens may be related to the speed with 
which maximal serum levels ofanti-interleukin-12 
are attained or sustained. In Cohort 1, the mean 
anti-interleukin-12 serum level was 1264±1675 ng 
per milliliter before the injection at week 4, as com- 
pared with 8271±2523 ng per milliliter before the 
injection at week 3 in Cohort 2, whereas the respec- 
tive end-of-treatment levels of anti-interleukin-12 
were similar (10,02215807 ng per milliliter in Co- 
hort 1 and 9374±2898 ng per milliliter in Cohort 2) . 
In addition, the response and remission rates in the 
placebo group in Cohort 2 were lower than those in 
the placebo group in Cohort 1. Because of the in- 
tention-to-treat analysis used, the curves for the 
placebo group in Cohort 1 included the remission 
in the patient who mistakenly received a single 
dose of 1 mg of anti-interleukin-12 per kilogram. 
On average, the placebo group in Cohort 2 had had 
Crohn's disease longer and had higher baseline 
CDAI scores than the placebo group in Cohort 1, 
differences that may have contributed to the lower 
remission rates (but possibly higher response 
rates 14 ) in this group. The placebo group in Cohort 
2 also had a lower rate of use of medications for 
Crohn's disease. 

With the exception of local reactions at injection 
sites, there were no significant differences in the 
rate of adverse effects between placebo and anti- 
interleukin-12. For the most part these skin reac- 
tions were transient and mild and did not require 
treatment, and subcutaneous injection is a less 
costly and less time-consuming approach than in- 
travenous infusion. Injection-site reactions occurred 
more frequendy among patients who had a response 
to anti-interleukin-12 than among patients who 
did not have a response (44 of 52 [85 percent] vs. 
• 7 of 11 [64 percent]), but the difference was not 
significant (P=0.20). Although the incidence of 
infections was not significantly increased in the 
anti-interleukin-12 group as a whole, the risk of 
infection with longer-term use remains to be estab- 
lished. 



Evaluation of the cytokine responses before and 
soon after treatment showed that the secretion of 
interleukin-12, interferon-y, and TNF-a by colonic 
LPMCs was notably decreased. Thus, targeting in- 
terleukin-12 can also reduce the levels of down- 
stream effectors such as interferon-y and TNF-a. 
However, it is important to note that since the 
anti-interleukin-12 that we used recognizes the in- 
terleukin-12 p40 chain, interleukin-23 — another 
Thl-inducing cytokine that shares the p40 chain — 
may also be involved in the observed responses. 15,16 
The reduced secretion of interleukin-12 after treat- 
ment with anti-interleukin-12 suggests that treat- 
ment decreased the number of interleukin-12-pro- 
ducing macrophages 17 or that reduced secretion of 
interferon-y eliminates the enhancing effect inter- 
feron-y exerts on the secretion of interleukin-12 by 
macrophages. 18,19 In addition, response and remis- 
sion rates did not appear to depend on increasing 
the secretion of interleukin-10, an antiinflamma- 
tory cytokine that is thought to play a role in regulat- 
ing gut inflammation. 20 

The data from this early phase 2 study provide 
some evidence that an antibody targeted to inter- 
leukin-12 p40 is active against the inflammation of 
Crohn's disease as well as show that treatment 
with this agent may induce clinical response and 
remission. The clinical effects ofanti-interleukin- 
12 in patients with Crohn's disease suggest that in- 
terleukin-12 has an important role in the ongoing 
inflammatory reaction of Crohn's disease, even in 
long-standing disease. Furthermore, these prelim- 
inary data will help guide the design of future stud- 
ies to assess the efficacy of anti-interleukin-12 in 
Crohn's disease and, by extension, other Thl-medi- 
ated inflammatory disorders. 
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APPENDIX 

The members of the Anti-IL-12 Crohn's Disease Study Group are as follows (the numbers of patients enrolled at each institution are listed 
in parentheses): National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Md. (9) — P.J. Mannon, I.J. 
Fuss, W. Strober, and C. Groden; Mount Sinai School of Medicine, New York (10) — L. Mayer and D.H. Present; University of Alabama 
School ofMedicine, Birmingham (5) — CO. Elson; Mayo Clinic, Rochester, Minn. (5) — W.J. Sandborn; Mayo Clinic, Jacksonville, Fla. (5) 
— J. Cangemi; Cedars Sinai Medical Center, Los Angeles (4) — L. Kam; Pharma Research Group, Miami Beach, Fla. (6) — I. Bassan; Health 
Advance Institute, Peoria, 111. (8) — B. Dolin; South Denver Gastroenterology, Englewood, Colo. (4) — L. Kim; Indianapolis Gastroenterol- 
ogy, Indianapolis (6) — S. Mahoney; Nashville Medical Research Institute, Nashville (5) — R, Pruitt; Advanced Clinical Research Institute, 
Anaheim, Calif. (6) — D. RifT; Medizinische Hochschule, Hannover, Germany (3) — M. Manns; Universitatsklinikum Eppendorf, Ham- 
burg, Germany (2) — A. de Weerth; Academic Medical Center, Amsterdam (1) — S. van Deventer; and Wyeth Research, Cambridge, Mass. 
— U. Schwertschlag, C. Carini, N. Goodman, and M. Shapiro. 
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Treatment with Homodimeric Interleukin-12 (IL-12) p40 
Protects Mice from IL-12-Dependent Shock but Not from 
Tumor Necrosis Factor Alpha-Dependent Shock 
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The role of interleukin-12 (IL-12) was investigated in different shock models using anti-lL-12 reagents. IL-12 
is composed of two disulfide-bonded subunits, p35 and p40. The IL-12 p40 homodimer (p40) 2 has been shown 
to be a potent IL-12 antagonist in vitro. We investigated its in vivo inhibitory capacity in different shock models 
of mice. We could demonstrate that (p40) 2 is able to protect mice from septic shock in primarily IL-1 2- 
dependent models such as the Shwartzman reaction and lipopolysaccharide (LPS)-induced shock, whereas 
(p40) 2 has no effect in the tumor necrosis factor alpha-dependent LPS/o-GalN shock model. In IL-12- 
dependent shock models, (p40) 2 inhibits IL-12-induced gamma interferon production and thereby interferes 
with the cascade of cytokine release, finally leading to death. 



Septic shock results from uncontrolled sequential release of 
cytokines such as tumor necrosis factor alpha (TNF-a), inter- 
leu kin- 1 (IL-1), IL-6, and gamma interferon (IFN-7) in re- 
sponse to infection with gram-negative bacteria (1, 4, 5, 7, 23, 
25, 26) and in response to endotoxins. Septic shock is of clinical 
relevance in spite of adequate antibiotic and supportive ther- 
apy. 

In mice, several different lethal shock syndromes are known. 
The so-called Shwartzman reaction is induced by two consec- 
utive injections of lipopolysaccharide (LPS) (3). A priming 
dose of LPS, injected in trade rmally in the footpad, is followed 
24 h later by an intravenous challenge LPS injection. After this 
challenge injection that is not lethal without the priming injec- 
tion, the mice die within 48 h from disseminated intravascular 
coagulation, vascular occlusion, hemorrhage, perivascular ac- 
cumulation of leukocytes, and necrosis (24). This hypersensi- 
tivity reaction occurs only as a consequence of careful dosage 
and timing of LPS injections and needs specific routes of ad- 
ministration. The Shwartzman reaction is elicited by induced 
endogenous factors acting in a precise sequence. LPS induces 
the release of IL-12, which induces the production of IFN-7, 
which finally primes macrophages (and other cell types). Upon 
LPS challenge, the lethal reaction is induced by a massive 
production of inflammatory cytokines by sensitized macro- 
phages: TNF-a and IL-1 are thought to be the lethal effector 
molecules acting on target sites already sensitized by IFN-7. 

The second investigated shock model is induced by an in- 
traperitoneal (i.p.) injection of an appropriate dose of LPS 
(LPS shock). In this model, it was reported that administration 
of polyclonal anti-IL-12 immunoglobulin G (IgG) substantially 
reduced LPS induction of IFN-7 production, but effects of 
anti-IL-12 on mortality were not described (13). 

The third investigated shock model is induced by i.p. injec- 
tion of LPS and D-galactosamine (LPS/D-GalN shock). It has 
been shown that D-GalN dramatically sensitizes mice to the 
lethal effect of LPS (8). Studies of TNF receptor (TNFR) 
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p55-deficient mice revealed that lethality in this model de- 
pends on TNFR p55-mediated activation (20, 22). The effects 
of IL-12 blockade in this model have not been previously 
reported. 

The purpose of this study was to characterize the role of 
IL-12 in shock induction in these various models. Furthermore, 
we were interested in testing whether IL-12 p40 homodimer 
(p40) 2 , which has been shown in vitro to act as an IL-12 
receptor antagonist (11, 16), is able to prevent IL-12-depen- 
dent activities in vivo. It was previously shown in both binding 
assays and bioassays in vitro that mouse IL-12 p40 dimer is 25- 
to 50-fold more potent as an IL-12 antagonist than mouse 
IL-12 p40 monomer (11). It could not be excluded that the 
lower levels of antagonist activity observed for preparations of 
purified p40 monomer were mediated, at least in part, by a 
small amount of contaminating dimer. In preliminary studies, 
the pharmacokinetics of mouse p40 dimer in mice appeared to 
be very similar to those of mouse IL-12 heterodimer, with a 
terminal elimination serum half-life of 3 to 5 h. Thus, in the 
present study, we focused on the potential in vivo antagonist 
activity of recombinant homodimeric IL-12 p40. 

MATERIALS AND METHODS 

Mice. Specific-pathogen-frce female NMRI and C57BL/6 mice, 8 to 10 weeks 
of age, were purchased from Biological Research Laboratory (Fullinsdorf, Swit- 
zerland). 

Reagents, (i) LPS. Serratia maivcscens LPS (Sigma Chemical Co., St. Louis, 
Mo.) and Salmonella abortus-equi LPS (SE13AK, Aidenbach, Germany) were 
dissolved in pyrogen-free saline to 10 mg/ml and sterilized by filtration through 
0.22-u.m-pore-size filters. Aliquots were stored frozen at -20^. 

(ii) JL- 12 p40 homodimer. Dimeric p40 was produced by CHO cells stably 
transfected with mouse IL-12 p40 cDNA and purified as described previously (9). 
Purified p40 homodimer was >95% pure, as assessed by sodium dodecyl sulfate- 
polyacrylamidc gel electrophoresis; endotoxin contamination was <10 lU/mg of 
p40 protein, as measured by the L'unulus amebocyte lysate assay. 

(iii) Antibodies. Rat monoclonal antibodies (MAbs) XMG1.2 and AN18 are 
IgGl antibodies against mouse IFN-7 (mIFN-7) (6, 21). Rat MAb GR20 is an 
lgG2a antibody specific for the mlFN-7 receptor (2). MAbs CI 5.6.7 and 10F6 
neutralize mlL-12 activity (10, 27). irrelevant rat IgG was from Sigma. All 
antibodies contained <0.05 lU/mg of protein, as detected by the L'unulus ame- 
bocyte lysate assay. TNFR p55 IgG was produced and purified as described 
previously (14). 

Shwartzman shock. The generalized Shwartzman reaction was elicited by two 
consecutive injections of Serratia marcescens LPS in female NMRI mice, 8 to 10 



4734 



4 



Vol. 65, 1997 



ROLE OF IL-12 IN DIFFERENT SHOCK MODELS 4735 



TABLE 1. Homodimcric IL-12 p40 prevents mortality in the 
Shwartzman reaction 



Treatment 


No. of expt 


No. of survivors/no. tested 


% Survival 


PBS 


7 


3/35 


9 


Anti-IFN-7 0 


7 


35/35 


100* 


Anti-IL-12* 


1 


4/5 




Rat IgG 


2 


0/10 


0 


(p40) 2 - 








100 p,g 


4 


19/20 


95 e 




2 


2/10 


20 


1 


1 


0/5 


0 


TNFR IgG J 


2 


2/10 


20 



■ 10 jig of rat anli-mIFN-7 MAb XMGl.,2 was administered i.p. at lime of 
priming. 

b 100 fig of rat anti-mIL-12 MAb 10F6 was administered i.p. at time of priming 
and 10 and 23 h later. 

c Indicated doses of homodimeric p40 were administered i.p. at time of prim- 
ing and 10 and 23 h later. 

a 20 jig of TNFR IgG was administered i.p. at time of priming and 22 and 24 h 
later. 

e Significantly different (P < 0.002) from values for PBS- or IgG-treated 
control groups as calculated by Fisher's exact lest. 



weeks old (19). The priming injection was given in the footpad and was followed 
24 h later by a challenge LPS injection given intravenously. The optimal doses of 
LPS were determined for each batch of LPS and ranged between 1 and 5 u.g for 
the footpad injection and between 200 and 400 u.g for the intravenous injection. 
Mortality was monitored after 24, 48, 72, and 96 h. No further mortality was seen 
after 96 h. In all experiments described, MAbs and IL-12 p40 homodimer were 
given i.p. 

Endotoxin-induced shock. The LPS shock was induced in female C57BL/6 
mice, 8 to 10 weeks old, by the i.p. injection of S. abotius-equi LPS (350 jig in 0.2 
ml of sterile PBS per mouse). With a dose of 350 u.g per mouse, the 100% lethal 
dose is almost reached (see Table 2). Mortality was monitored 24, 48, and 72 h 
after LPS injection. 

LPS/D-GalN-induced shock. Female C57BU6 mice, 8 to 10 weeks old, were 
injected i.p. with a mixture of S. abortits-equi LPS (0.1 u,g in 0.2 ml of sterile PBS 
per mouse) and D-GalN (10 mg in 0.2 ml of sterile PBS per mouse; Roth, 
Karlsruhe, Germany) in order to sensitize to the lethal effects of LPS (8). 
Mortality was monitored after 24, 48, and 72 h. 

Detection of serum IFN-y levels. IFN-7 was measured by enzyme-linked im- 
munosorbent assay using rat IgGl MAbs AN 1 8 and XMG1,2 (6, 21). The 
detection limit of this assay was 40 pg/ml. 



RESULTS 

Homodimeric p40 prevents mortality in the Shwartzman 
reaction. Groups of five NMRI mice received two consecutive 
injections of LPS. The priming injection was given in the foot- 
pad and was followed 24 h later by the intravenous challenge 
injection. The reaction was lethal only if the mice received both 
the preparative and the challenge injections. A single footpad 
or a single intravenous injection was ineffective in inducing 
shock. 

It had been shown earlier that one single injection of MAb 
neutralizing mIFN-7 activity protects mice from lethality when 
given i.p. at time of priming (19). Similar results were obtained 
with MAb against mIL-12. Confirmatory data are presented in 
Table 1: MAb directed either against IFN-7 or against IL-12 
rescued mice from the shock reaction. Furthermore, Table 1 
shows that (p40) 2 was able to protect mice in a dose-dependent 
manner. Intraperitoneal injection of (p40) 2 (100 pig/mouse) at 
the time of priming and 10 and 23 h later resulted in 95% 
survival of the animals. Application of less (p4()) 2 (Table 1) and 
application of (p40) 2 fewer than three times (not shown) re- 
sulted in a decreased percentage of survival. 

The TNFR IgG was shown to be protective in the LPS/d- 
GalN- induced shock syndrome (14) (see below). Table 1 dem- 
onstrates that TNFR IgG had no positive effect on survival in 



6 

"3b 

E 




anti-IL-12 rat IgG 



treatment 



(p40) 2 



FIG. 1. Homodimeric p40 decreases IFN-7 serum levels in the Shwartzman 
reaction. Groups of five NMRI mice received two consecutive injections of LPS. 
For priming, 5 jig of LPS was given in the footpad, followed 24 h later by a 
challenge with 400 u-g of LPS. Furthermore, mice were injected i.p. with 100 u-g 
of anti-IL- 12 MAb C15.6.7 (or irrelevant rat IgG) at lime of priming or with 100 
fig of (p40) 2 (or PBS) at time of priming and 10 and 23 h later. IFN-7 serum 
levels were determined 6 h after the challenge LPS injection. To facilitate IFN-7 
determination, all mice were injected i.p. with MAb GR20 (200 jxg) directed 
against the IFN-7 receptor at the time of LPS challenge. *, significantly different 
(P < 0.001) from values for PBS- or IgG-treated control groups as calculated by 
Student's t test. 



the experimental Shwartzman shock syndrome when given at 
the time of priming and during challenge. 

IFN-7 has been shown to be necessary for the manifestation 
of lethality in the generalized Shwartzman reaction. Since 
(p40) 2 inhibits IL-12-induced IFN-7 production in vitro (11, 
16), we examined the effect of (p40) 2 application on IFN-7 
serum levels. For determination of IFN-7, mice were sacrificed 
and heart blood was collected. Peak IFN-7 levels were reached 
6 h after the LPS challenge injection. Figure 1 demonstrates 
that (p40) 2 decreased IFN-7 serum levels comparably to a 
MAb neutralizing IL-12. The average amount of IFN-7 serum 
level compared to the control group was reduced about five- 
fold in mice treated with anti-IL-12 reagents. These results 
clearly indicate that (p40) 2 is a potent IL-12 antagonist in vivo. 

Homodimeric p40 prevents mortality in endotoxin-induced 
shock. To further confirm that (p40) 2 inhibited IL-12 activity in 
vivo, we investigated its influence in another LPS shock syn- 
drome (LPS shock). In this model, groups of five C57BL/6 
mice were injected i.p. with 350 p,g of LPS (S. abortw-equi) per 
animal. 

For pretreatment, mice received MAb neutralizing IL-12 
activity or (p40) 2 24, 12, and 1 h before LPS application. For 
determination of IFN-7 serum levels, blood was taken from the 
tail vein. As can be seen in Table 2, application of anti-IL-12 
MAb 10F6 or (p40) 2 raised the survival rate to 90 and 93%, 
respectively, whereas only 12% of the mice in the PBS-treated 
group survived. In this model, TNFR IgG was found to have a 
partial positive effect on survival, because the proportion of 
survivors was raised to 70%. In addition, combined adminis- 
tration of TNFR IgG and IL-12 p40 homodimers was able to 
completely protect mice from LPS-induced shock (data not 
shown). 

Anti-IL-12 MAb 10F6 as well as (p40) 2 were able to de- 
crease dramatically peak serum IFN-7 levels, measured 8 h 
after LPS application (Fig. 2). IFN-7 serum levels were five- to 



4736 MATTNER FT AL. 



Infect. Immun. 



TABLE 2. Homodimeric IL-12 p40 prevents mortality in the 
endotoxin -induced shock syndrome 



Treatment 


No. of expt 


No. of survivors/no. tested 


% Survival 


PBS 


5 


3/25 


12 


Anti-IL-12" 


2 


9/10 


9& 




3 


14/15 


93 J 


TNFR lgC c 


2 


7/10 


70* 



■ 100 fig of rat anti-mIL-12 MAb 10F6 was administered i.p. 24, 12, and 1 h 
before LPS challenge. 

h 100 |i.g of homodimeric p40 was administered i.p. 24, 12, and 1 h before LPS 
challenge. 

c 20 ng of TNFR IgG was administered i.p. 1 h before LPS challenge. 
d Significantly different (P < 0.002) from value for PBS-treated control group 
as calculated by Fisher's exact test. 



TABLE 3. Homodimeric IL-12 p40 docs not prevent mortality in 
the LPS/D-GalN-induced shock syndrome 



Treatment 


No. of expt 


No. of survivors/no. tested 


% Survival 


PBS 


4 


0/20 


0 


Anti-IL-12* 


2 


0/10 


0 


(p40)./ 


2 


2/10 


20 


TNFR lgG c 


4 


18/20 


90" 



■ 100 u-g of rat anti-mIL-12 MAb 10F6 was administered i.p. 24, 12, and 1 h 
before LPS/o-GalN challenge. 

* 100 {Ag of homodimeric p40 was administered i.p. 24, 12, and 1 h before 
LPS/D-GalN challenge. 

* 20 fig of TNFR IgG was administered i.p. 1 h before LPS/o-GalN challenge. 

* Significantly different (P < 0.0001) from value for PBS-treated control group 
as calculated by Fisher's exact test. 



sixfold lower in animals treated with IL-12 antagonists than in 
control mice. It should be mentioned that IFN-7 levels corre- 
lated well with survival or death of individual animals (data not 
shown). The potency of (p40) 2 as IL-12 antagonist in vivo was 
demonstrated again. 

Homodimeric p40 does not prevent mortality in LPS/d- 
GalN-induced shock. The next investigated shock syndrome 
was induced by the application of LPS (0.1 |xg/mouse) together 
with D-GalN (10 mg/mouse) to groups of five C57BL/6 mice. 

For pretreatment mice were injected i.p. with IL-12-neu- 
tralizing MAb or (p40) 2 24, 12, and 1 h before, or with TNFR 
IgG 1 h before, application of LPS/i>GalN. TNFR IgG has 
been shown to be protective in this model (14). Table 3 shows 
that TNFR IgG raises the proportion of surviving animals to 
90%, whereas no animal in the control group survived. Neither 
anti-IL-12 MAb 10F6 nor (p40) 2 had a protective effect in this 
model. In addition, MAbs neutralizing IFN-7 had no effect 
(not shown). IL-12 seems to play a minor role, if any, in the 
LPS/D-GalN -induced shock syndrome. 



40-, 




PBS anti-IL-12 (p40) 2 



treatment 

FIG. 2. Homodimeric p40 decreases IFN-7 serum levels in endotoxin-in- 
duced shock syndrome. Groups of 5 C57BL/6 mice were injected i.p. with 350 u-g 
of LPS (S. abortus-equi). For pretreatment, mice received MAb neutralizing 
IL-12 (clone 10F6, 200 ug) or (p40) 2 (100 jxg) 24, 12. and 1 h before LPS 
application. IFN-7 serum levels were determined 8 h after LPS injection. *, 
significantly different (P < 0.001) from value for PBS-treated control group as 
calculated by Student's / test. 



DISCUSSION 

Table 4 summarizes our findings. In experimental shock 
syndromes with IL-12 playing the central role, such as the 
Shwartzman reaction and endotoxin-induced shock, (p40) 2 is 
able to prevent mortality from mice, thus demonstrating its 
potency as an IL-12 antagonist in vivo. In both models, (p40) 2 
strongly reduced IL-12-induced IFN-7. In these models, TNFR 
IgG does not provide full protection even though a certain 
effect can be seen in endotoxin-induced shock. In contrast, 
TNFR IgG can rescue mice from LPS/D-GalN-induced shock, 
a model in which anti-IL-12 or anti-IFN-7 reagents have no 
effect. 

Recently a new cytokine called IFN-7-inducing factor (now 
called IL-18) was described (18). This factor was found to be 
critical in the induction of liver injury caused by endotoxin 
exposure of mice treated with Propionibacterium acnes. Treat- 
ment of mice with anti-IL-18 antibodies was able to prevent 
liver damage (18). In mice sensitized to the lethal effect of LPS 
by treatment with the avirulent bacille Calmette-Guerin 
(BCG) vaccine strain of Mycobacterium bovis, neutralizing an- 
ti-IL-12 antibodies were able to protect from shock-induced 
death (28). These studies suggest that IL-18 and/or IL-12 plays 
a critical role in development of septic shock. Potentially they 
act in synergy (17), and neutralizing one of both cytokines is 
sufficient for protection. 

Our results obtained with MAb against IL-12 very closely 
parallel data published by Wysocka et al. for BCG-primed 
mice challenged with LPS (28). In this study, neutralizing anti- 
IL-12 antibodies were shown to inhibit IFN-7 production and 
mortality elicited by LPS. These results were confirmed by a 
recent report showing a fivefold reduction of serum IFN-7 
levels in IL-12-deficient mice compared to wild-type mice upon 
challenge with LPS (15). 

We have found significant reduction of serum IFN-7 levels 
after LPS challenge of mice treated with either anti-IL-12 
MAb or homodimeric IL-12 p40. Preliminary data indicated 
that serum TNF-a was not reduced following treatment (data 
not shown). Similar results were published very recently by 



TABLE 4. Prevention of shock by TNFR-lgG, homodimeric IL-12 
p40, and anti-IFN-7 in different models 

Prevention of shock by: 
Shock model 





TNFR-lgG 


(P40) 2 


Anli- IFN--y 


Shwartzman 


No 


Yes 


Yes 


LPS 


Partial 


Yes 


Yes 


LPS/D-GalN 


Yes 


No 


No 
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Heinzel et al., who found significantly reduced serum levels of 
IFN-7, but no change in the concentration of TNF-a and IL-12 
heterodimer, in mice challenged with LPS and treated with 
recombinant homodimeric IL-12 p40 (12). These data suggest 
that homodimeric IL-12 p40 and anti-lL-12 MAb specifically 
block the interaction of IL-12 with its receptor, thereby antag- 
onizing cellular activation, which results in selective inhibition 
of IFN-7 production. Interestingly, treatment with anti-IL-12 
antibodies and homodimeric IL-12 p40, thereby targeting the 
ligand or the receptor, respectively, is similarly effective. Proin- 
flammatory cytokines other than IFN-7, such as TNF-cx, ap- 
pear to be regulated independently of IL-12. Moreover, our 
data show that selective inhibition of IL-12-induced IFN-7 
production is sufficient to protect mice from the lethal effects 
of LPS. 
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IL-12, Independently of IFN-y, Plays a Crucial Role in the 
Pathogenesis of a Murine Psoriasis-Like Skin Disorder 



Kenneth Hong, 1 * Alvina Chu, 1 * Bjorn R. Ludviksson^ Ellen L. Berg,* and Rolf O. Ehrhardt 2 * 

The onset of acute psoriasis and the exacerbation of chronic psoriasis are often associated with a history of bacterial infection. We 
demonstrate that while only few scid/scid mice develop disease when CD4 + CD45Rb hlEh T cells are transferred alone, coadmin- 
istration of LPS plus IL-12 or staphylococcal enterotoxin B into scid/scid mice 1 day after CD4 + CD45Rb l,i8h T cell transfer greatly 
enhances disease penetrance and severity. Most importantly, the skin lesions induced by this method exhibit many of the histologic 
hallmarks observed in human psoriasis. Skin infiltrating CD4 + T cells were predominantly memory/effector cells (CD45Rb ,ow ) and 
exhibited a highly polarized Thl phenotype. To test whether the development of pathogenic T cells was dependent on their 
production of IFN-y, we transferred TFN-y -/ ~ CD4 4 "CD45Rb hieh T cells into scid/scid or into T, B and NK cell-deficient scid/beige 
mice. Surprisingly, the incidence of psoriasis was similar to scid/scid animals that received IFN-y +/ * T cells, although acanthosis 
of the skin was attenuated. In contrast, the development of psoriasis was abolished if anti-IL-12 mAb was administered on day 7 
and 35 after T cell transfer. Skin-derived IFN-y"' - inflammatory cells, but not cells from anti-IL-12-treated animals, secreted 
substantial amounts of TNF-a, suggesting that the inflammatory effect of IFN-y -/ ~ T cells may be partly exerted by TNF-a and 
that the therapeutic effect of anti-IL-12 may depend on its ability to down-regulate both TNF-a and IFN-y. Overall, these results 
suggest that IL-12, independently of IFN-y, is able to induce pathogenic, inflammatory T cells that are able to induce psoriasiform 
lesions in mice. The Journal of Immunology, 1999, 162: 7480-7491. 



Psoriasis is a chronic inflammatory skin disease that is as- 
sociated with hyperplastic epidermal keratinocytes and in- 
filtrating mononuclear cells, including CD4 + memory T 
cells, neutrophils, and macrophages (reviewed in Refs. 1-3). Be- 
cause of this highly mixed inflammatory picture and the resulting 
complex interrelationships between these different cells, it has 
been very difficult to dissect the mechanisms that underlie the in- 
duction and progression of the disease. Indeed, whether genetically 
determined alterations in keratinocyte proliferation or immuno- 
regulatory defects are the primary cause of psoriasis is currently 
unresolved. Some investigators believe that environmental factors, 
such as microbial infection and trauma, can be an initiating event 
in the pathogenesis of the disease (4-7). This hypothesis also im- 
plies that although dormant autoreactive T cells may pre-exist in 
susceptible individuals, an environmental stimulus is necessary to 
trigger disease induction. Others believe that the immune system 
plays only a minor modulatory role in the disease process and that 
hyperproliferation of keratinocytes is in fact the initiating event in 
a genetically susceptible host. 

Research into the pathogenesis of psoriasis has long been hin- 
dered by the lack of suitable animal models. Although several 
rodent models of skin inflammation have been recently introduced, 
in none of these models have specific T cell abnormalities been 
demonstrated as a primary cause for the induction of disease (8- 
14). Most recently, Schon et al. (15) presented evidence that a 
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particular splenic T cell subset (CD4 + CD45Rb hish ), the same T 
cell subset that induces colitis in scid/scid mice, is able to induce 
psoriasis-like lesions when transferred into a minor haplotype mis- 
matched scid/scid mice. Other investigators have demonstrated 
that when pre-psoriatic skin, but not skin from healthy donors, is 
engrafted onto scid/scid mice, the transplanted skin develops into 
psoriasiform lesions after autologous blood-derived immunocytes 
are activated by staphylococcal enterotoxin B (SEB) 3 and IL-2 and 
injected into the dermis (16, 17). In addition, patients that received 
fragments of diphtheria toxin linked to human IL-2 (DAB389IL- 
2), which selectively targets activated T cells but not keratinocytes, 
showed significant clinical improvement, indicating that T cells 
and not keratinocytes are the primary pathogenic component in the 
disease (18). Although these observations provide enough first ev- 
idence to support the concept that psoriasis-like conditions can 
indeed result from unregulated T cell responses, they provide very 
little evidence on the specific mechanism and the cytokines that are 
involved in the induction of psoriasiform lesions. 

Bacteria and their products have been implicated as an initiating 
event in various T cell mediated autoimmune conditions in hu- 
mans, including rheumatoid arthritis (RA) and inflammatory bowel 
disease (IBD) (6, 19). For example, in murine models of RA and 
IBD, mice do not develop inflammatory lesions under germfree 
conditions (20-25). Indeed, either normal luminal bacteria (26) or 
infection with a single microbial pathogen have been shown to 
significantly increase the expression of disease (27, 28). LPS and 
SEB are important bacterial-derived immunomodulators, since 
they are not only able to activate immune-competent cells but are 
also able to increase the expression of cell adhesion molecules on 
vascular endothelial cells and T cells and thereby promote the 
entry of inflammatory cells into tissues (29-35). IL-12 produced 
very early during infection in vivo has important proinflammatory 
functions. It plays a key role in the differentiation of naive T cells 
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into JFN-y-producing Thl cells (36) and thus seems to be impor- 
tant in the induction of many T cell-mediated autoimmune diseases 
(21, 37-42). 

The role of IFN-y in autoimmunity has been more controversial. 
Although IFN-y production seems to be a hallmark of inflamma- 
tory T cells involved in numerous autoimmune conditions, it is less 
clear what function IFN-y actually plays in the disease process. 
Studies in animal models of inflammation and autoimmunity and 
in humans revealed that TFN-y can have opposing immunosup- 
pressive or immunostimulatory effects depending on the disease 
and the time of application (reviewed in Ref. 43). In psoriasis, 
IFN-Y is thought to play an important primary role in the disease 
pathogenesis, since T cells isolated from psoriatic lesions of pa- 
tients secrete high amounts of IFN-y (44, 45) and T cell clones 
obtained from psoriatic skin directly promote keratinocyte prolif- 
eration through an IFN-Y-dependent pathway (46). 

In this study, we further dissect the pathogenic mechanism of 
psoriatic lesions by asking what role IL-12 and IFN-y play in the 
induction of pathogenic T cells in psoriasis. In particular, we ask 
whether IL-12, which in itself is an important up-regulator of 
IFN-y production, is able to induce chronic psoriasiform skin in- 
flammation in the absence of IFN-y. We demonstrate that the in- 
jection of bacterial products and IL-12 significantly enhances pen- 
etrance and severity of psoriasiform lesions in this newly described 
murine model of psoriasis. Furthermore, we demonstrate that the 
pathogenesis of disease is driven by an IL-12-dependent, but IFN-y- 
independent mechanism, suggesting a novel strategy for therapeutic 
intervention in patients with psoriasis. 

Materials and Methods 

Mice 

Female BALB/c mice and BALB/c-IFN-y _/ ~ mice (donor mice) were pur- 
chased from The Jackson Laboratory (Bar Harbor, ME). C.B-17/Icr scid/ 
scid mice and C.B-1 7 scid/beige double mutant mice (recipient mice) were 
purchased from Taconic Farms (Germantown, NY). All mice were housed 
in a specific pathogen-free environment at the Protein Design Labs animal 
facility and were used between 4 and 12 wk of age. Sentinel mice were 
used to screen for the following pathogens: Mouse hepatitis virus (MHV), 
Sendai virus, Pneumonia virus of mice (PVM), Reovirus serotype 3 
(RE03), Theiler's murine encephalomyelitis virus (TMEV), Myco-plasma. 
pulmonis, and parvovirus. Random screens of mice for pin worms were also 
conducted. None of the pathogens listed above were detected at any time. 
Mice were housed 2-5/microisolator. All scid/scid or scid/beige mice were 
handled with gloves under a class 11 hood, fed sterile food and water ad 
libitum, and maintained inside a laminar flow tent (Bioclean. Maywood, 
NJ) in sterile microisolators that were changed weekly. Donor mice were 
housed in conventional cages that were changed weekly. 

Cell purification, and injection into scid/scid mice 

Spleens were collected from 6- to 12-wk-old donor mice (BALB/c or IFN- 
y _/ ~-BALB/c) and splenocytes were isolated by mechanical homogeniza- 
tion of whole spleens. CD4 + T cells were selected by positive selection. In 
brief, a cell suspension of pooled splenocytes from four to five donor mice 
was incubated with anti-CD4 (L3T4) Ab coated magnetic beads (Dyna- 
beads, catalog no. 1 14.05, Dynal, Lake Success, NY) for 20-30 min at 4°C 
and separated by magnetic cell sorting with a Dynal Magnetic Particle 
Concentrator (MPC). Cells were removed from the cell-bead complex with 
Dynal DETACHaBEAD, and isolated from beads using a Dynal MPC. The 
resulting CD4" t " enriched population was >90% pure. The cell suspension 
(10 X 10 6 cells/ml) was then incubated with Fc block (anti-CD32, 01 241 A; 
PharMingen, San Diego, CA) (10 /ig/ml) and labeled with anti-CD4-FITC 
(9004D; PharMingen) and anti-CD45RB-PE (01 145A; PharMingen) (both 
at 10 /Ltg/ml) for 30 min at 4°C, washed, and sorted using a FACStar 
(Becton Dickinson. San Jose, CA) cell sorter. Double positive cells 
(CD4 + CD45Rb 4 ) were collected, selecting the cells that expressed high 
levels of CD45Rb (brightest 45%). The collected cell population was 
>90% pure and viable. Cells were then washed in cold PBS (D8662; 
Sigma, St. Louis, MO) and resuspended in PBS at 1.5 X 10 6 cells/ml. 
C.B-1 7/Icr scid/scid mice, aged 4-6 wk, were injected i.v. with 3 X 10 5 
cells each, 200 p\ total volume into the tail vein. 
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Induction and treatment of psoriasiform lesions in scid mice 

To study the effect of microbial products and IL-12, recipient mice were 
treated as follows. A control group received CD4 + CD45Rb h5sh sorted cells 
with no additional treatment. A second group was given 20 jig LPS from 
Salmonella enteritidis (Sigma; L-2012) s.c. or i.p. per mouse on day 1 after 
cell transfer. A third group received 10 ng IL-12 (PharMingen) alone per 
mouse delivered s.c. or i.p. on days 1 and 3. The final group was injected 
s.c. or i.p. with a combination of LPS and IL-12. Dosage studies were 
conducted using 2, 10, and 100 ng doses of IL-12 in conjunction with 20 
jig LPS. The LPS and IL-12 injection was given on day 1 following T cell 
transfer and an additional dose of IL-12 was administered on day 3. In 
additional studies, LPS (20 /ig) and IL-12 (10 ng) were administered once 
weekly for 3 wk. Some experimental groups received 10 /xg SEB protein 
from Staphylococcus aureus (Sigma S4881) i.p. per mouse once on day 1 
following T cell transfer. 

To study the role of IFN-y, T cells from BALB/c-IFN-y~'~ mice (The 
Jackson Laboratory) T cells were isolated by the same methods described 
above. Recipient scid/scid mice were also coinjected with 20 fig LPS and 
10 ng IL-12 on day 1 and 10 ng of IL-12 on day 3. In addition, scid/beige 
mice (Taconic Farms), that are T, B, and NK cell deficient, were used as 
recipient mice for IFN-y~'~ T cell transfer in some experiments. For in- 
terventional studies, 0.5 mg anti-IL-12 (clone CI 7.8; PharMingen) was 
given i.p. to mice on day 7 and 35. Control mice received either PBS or rat 
IgG (Sigma) on the same day. 

Clinical evaluation 

Mice were evaluated by three different investigators at weekly intervals 
commencing on week 4 and ending on week 10. To record disease pro- 
gression semiquantitative clinical scores from 0 to 4 were given based on 
physical appearance and ear thickness: 0 = no skin or ear symptoms; 1 = 
mild, moderate erythema on ears or eyelids with mild thickening of the ear 
(<2% of the body surface); 2 — moderate to severe erythema on one 
location (mostly ear and face) (2-10% of the body surface), mild scaling; 
3 = severe erythema at two or more sites (ear, face, trunk) (>10% of the 
body surface), severe scaling; 4 = very severe, extensive erythema 
throughout the body (>20% of the body surface) with severe scaling. Spe- 
cific observations were noted based on fur condition, ear manifestations, 
eyelid appearance, and presence of inflammation on limbs and tail. Ear 
thickness was determined using a modified spring micrometer (Oditest; 
Dyer, Lancaster, PA). Measurements were taken from the same part of the 
ear for all data time points from both the right and left ear. The micrometer 
was allowed to settle while on the ear to prevent tissue edema from af- 
fecting final measurement. 

Histopathologic analysis 

Necropsies were performed on mice at week 10-12 after cell transfer. 
Tissue samples from ear, eyelid, and tail were collected and fixed in para- 
formaldehyde solution and submitted to Comparative Bioscience (Sunny- 
vale, CA) for section preparation and analysis. To record disease severity, 
semiquantitive histological scores from 0 to 4 were given based on the 
severity of inflammation. Initial histological evaluation was performed in a 
blinded fashion by an independent outside pathologist. In later studies eval- 
uation was blindly conducted by three different investigators. Mice which 
had ear thickness of 25 /xm or less with no additional clinical signs were 
automatically given a histology score of zero without section analysis: 0 = 
no signs of inflammation; 1 = very low focal areas of infiltration, mild 
acanthosis; 2 = low level of mononuclear cell infiltration, mild thickening 
of epidermis, mild to moderate acanthosis; 3 = high level of mononuclear 
cell infiltration, high vascular density, thickening of the epidermis (acan- 
thosis, rete pegs and hyperplasia of epidermis and keratinocytes, microab- 
scesses, thinning of the granular cell layer); 4 = very extensive infiltration 
in epidermis and dermis, very high vascular density, extreme thickening of 
epidermis, pustule formation and destruction of granular cell layers. 

Tissue samples were collected and embedded in Tissue Tek OCT 
(Miles, Elkhurt, IN) compound and frozen with dry ice for cryostat-cut 
sections. Tissue sections (5 /xm) were fixed in 100% acetone and stained 
with PE-conjugated IL-12 mAb (p40/70) (PharMingen, clone CI 7.8). Tis- 
sues were evaluated as positive or negative based on visual fluorescent 
microscopy detection. 

Skin infiltrating lymphocyte cell isolation 

Skin infiltrating lymphocytes were isolated via enzyme digestion. In short, 
skin, ears, and eyelids were minced with sterile scissors, and the pieces 
were washed with HBSS over a 100-mm nylon cell strainer (Falcon, Bec- 
ton Dickinson, Franklin Lake, NJ) to remove surface debris. Infiltrating 
cells were liberated by incubating the cut pieces in 25 ml of warm (37°C) 



7482 ANTNL-12 mAb TREATMENT PREVENTS PSORIASIS 



Table I. In vivo administration of IL-12 in combination with LPS after CD4*CD45Rb h ' sh T cell transfer leads to a significant increase in disease 
expression 



Post Cell Transfer 
Treatment" 


Disease Incidence^ 


Average Histology 
Score 4 * 


Average Time of 
Disease Onset (wk) rf 


Severe Disease 
Incidence** 


PBS 


t f\ t*\ £ /*> Oft/ \ 

10/26 (38%) 


LI ± 1.4 


7.3 ± 2.0 


7/26 (27%) 


IL-12 medium 


2/3 (67%) 


0.75 ± 1.0 


10.5 ±2.1 


0/3 (0%) 


LPS 


2/4 (50%) 


0.6 ± 0.7 


8.5 ±2.1 


0/4 (0%) 


LPS 4- IL-12 low 


6/1 1 (55%) 


1.9 ± 1.0 


6.7 ± 0.8 


4/1 1 (36%) 


LPS + IL-12 medium 


24/33 (73%)** 


2.25 ± 1.1* 


6.2 ± 1.7 


14/33 (42%)* 


LPS 4- IL-12 high 


0/4 (0%) 


0.0 


ND 


0/4 (0%) 


LPS -f IL-12 medium' 


8/10(80%)** 


2.5 ± 1.0* 


4.7 ± 1.0 


5/10(50%)** 


LPS + IL-12 medium* 


0/8 (0%) 


ND 


ND 


0/8 (0%) 


SEB 


3/4 (75%) 


ND 


8.0 ±2.0 


2/4 (50%) 



a After CD4*CD45Rb h,eh cells isolated from BALB/c spleens were transferred to scid/scid mice, the recipient mice were given the following treatments. The PBS group 
received sorted cells with no additional treatment. The IL-12 group received 10 ng IL-12 alone per mouse delivered i.p. on days 1 and 3 in addition to cells on day 0. The LPS 
group was given 20 pg LPS from Salmonella enteritidis (Sigma: L-2012) per mouse on day I after cell transfer. Dosage studies were conducted using the low (2 ng), medium 
(10 ng), or high (100 ng) doses of IL-12 in conjunction with 20 /xg LPS. The LPS and IL-12 injections were given on day 1, and an additional dose of IL-12 was administered 
on day 3. In a different series of experiments LPS (20 pg) and IL-12 (10 ng) were injected once a week for 3 wk. Other mice received 10 p% SEB protein from Staphylococcus 
aureus (Sigma catalog S4881) per mouse once on day 1. 

h Disease incidence is reported as number of mice with disease over 12 wk of time: criteria being ear thickness 5: 26 pxa or clinical score of & I. Ear thickness of normal 
scid/scid mice: 21 ± 1 pxn (n - 10). The statistical significance between different treatment groups was analyzed using the x 2 test. Values for p vs PBS control: **, p < 0.001. 

c Histological scores of diseased mice from 1 to 4 were given based on the severity of inflammation of car, skin, or eyelid. Mice that had car thickness of 25 /irn or less were 
categorized as undiseased (average ear thickness of undiseased mice, 22 ± 1 pm) and automatically excluded from section analysis: 0 = no signs of inflammation; 1 = very 
low level; 2 ~ low level of mononuclear cell infiltration, mild thickening of epidermis; 3 - high level of mononuclear cell infiltration, high vascular density, thickening of the 
epidermis (acanthosis, rcte pegs, and hyperplasia of epidermis and kcratinocytes); 4 = very extensive mononuclear eel! infiltration in epidermis and dermis, very high vascular 
density, extreme thickening of epidermis, pustule formation, and loss of granular cell layers. Values (orp vs PBS control: *, p < 0.01. Statistical analysis was performed using 
the two- tailed Student's / test. 

d Average time of disease onset is reported as the number of weeks after cell transfer before clinical signs of disease were observed. Data represent diseased mice only. 
r Severe disease induction calculated as the number of animals that received an average histology score of S:2.5 and/or a clinical score of ^3. The statistical significance 
between different treatment groups was analyzed using the x 2 test. Values for p vs PBS'Control: *, p < 0.01. and **, p < 0.001. 
-'"LPS (20 /ng) and IL-12 (10 ng) was given once a week for 3 wk. 

* A total of 1 X I0 6 unsorted CD4 + T cells (CD45Rb high and CD45Rb low ) were transferred into scid/scid mice. LPS (20 jig) and IL-12 (10 ng) was given once a week for 
3 wk. 



HBSS media without Ca 2 7Mg 2 + (10-543F; BioWhittaker, Walkersville, 
MD) supplemented with 25 mM HEPES buffer (17-737E; BioWhittaker) 
and 10% FBS (HyClone, Logan, UT SH30071 .03) for 20 min at 37°C, The 
remaining pieces were washed over nylon mesh, resuspended in RPMI 
1640 medium (12-702F; BioWhittaker) augmented with 25 mM HEPES 
buffer, 10% FBS, 400 U/ml DNase (104159; Boehringer Mannheim, Indi- 
anapolis, IN), 400 U/ml collagenase (1088874; Boehringer Mannheim), 
and incubated 90 min at 37°C on a rocker. The resulting cell suspension 
was filtered sequentially through a 100-/irn and 40-pm nylon mesh filter 
and then washed twice in RPMI 1640 medium supplemented with 25 mM 
HEPES and 10% FBS. 

In vitro stimulation of skin infiltrating lymphocytes (SIL) and 
detection of cytokines 

SIL were resuspended at 10 6 /ml in complete RPMI 1640 medium supple- 
mented with 10% FBS (HyClone), 5 X I0~ s M 2-ME (Sigma), 2 mM 
glutamine (Life Technologies, Gaithersburg, MD), 10 U/ml penicillin, 100 
/Ltg streptomycin (Life Technologies), and 15 mM HEPES. CD4 + sorted T 
cells were resuspended at 2.5 X 10 5 /ml. A total of 200 /Ltg/well of this 
suspension was then placed in a 96-well tissue culture plate to (3072 Fal- 
con) and incubated for 48 h with anti-CD3 (clone I45-2C1 1; Protein De- 
sign Labs) and anti-CD28 (PharMingen), each at 1 /xg/ml. Supernatants 
from three different culture wells were collected and tested by ELISA for 
IFN-7, TNF-a, and IL-4. The ELISA procedure involved coating a 96-well 
flat-bottom Immulon 4 plate (011-010-3850; Dynatech, Chantilly, VA) 
overnight at 4°C with 50 pA of a 2 /u,g/ml solution of anti-IFN-y, anti- 
TNF-a, or anti-IL-4 Ab (all from PharMingen) in carbonate buffer. Plates 
were then washed with PBS/Tween (0.05% Tween-20 in PBS) and blocked 
with 200 p\ sterile solution of PBS with 3% BSA to (A7030 Sigma Bovine 
Albumin) for 1 h at 37°C. Jn between all of the following steps, plates were 
washed with PBS/Tween. IFN-y, IL-4, and TNF-a standards as well as 
sample supernatants were then added to wells and incubated for 2 h at 
37°C. Biotin-conjugated secondary Abs for anti-IFN-y, anti-TNF-or. and 
anti-IL-4 (all Abs from PharMingen) were then added to the respective 
plates at 2 jug/ml in 3% BSA/PBS solution and incubated for 1 h at 37°C. 
HRP-labeled streptavidin (016-030-084; Jackson ImmunoRcsearch. West 
Grove. PA) was then added at a concentration of 1 jug/ml. O-Phenylene- 
diamine to (4664 Sigma) was then used as substrate buffer per manufac- 



turer's protocol. Assay was then read on a Molecular Devices (Sunnyvale, 
CA) plate reader and data were analyzed using SOFTmax software. 

Statistical analysis 

Descriptive statistics and testing for significance of differences between 
treatment groups were assessed either by the two-tailed Student's / test or 
by using the x 2 test using the Microsoft Excel (Redmond, WA) statistical 
program. 

Results 

Treatment of scid/scid mice restored with CD4+CD45Rb hi8h T 
cells with LPS plus low and medium doses of IL-12 results in 
increased incidence and severity of psoriasis: high doses of IL- 
12 prevent disease induction 

Previous studies have demonstrated that scid/scid mice reconsti- 
tuted with minor haplotype mismatched CD4 + CD45Rb hi8h 
BALB/c T cells sometimes develop chronic skin inflammation that 
resembles human psoriasis (15). In initial experiments, we found 
that when BALB/c CD4+CD45Rb hifih T cells alone were trans- 
ferred to C.B-17 scid/scid mice, only a few animals exhibited pso- 
riasiform lesions and the expression of disease was rather mild. 
This finding was consistent with previous observations made by 
Schon et al. (15). Because bacterial mitogens or bacterial superan- 
ngens have been shown to be potent modulators of cell-mediated 
immune responses, and IL-12 has been demonstrated to play an 
important role in the induction of various autoimmune conditions 
(reviewed in Refs. 36, 42, and 47), we tested initially whether the 
coadministration of such agents would have an effect on the in- 
duction of psoriasis in the scid/scid transfer model. As shown in 
Table I, when C.B-17 scid/scid mice were reconstituted with 



The Journal of Immunology 



7483 



BALB/c CD4 + CD45Rb high T cells alone, only 38% of the mice 
developed psoriasiform skin lesions and only 27% of the mice 
developed severe forms of disease. When LPS was coadministered 
alone, we observed a slight, but insignificant, increase in disease 
incidence (50%), and moreover the severity of the lesions re- 
mained similar to lesions in mice that had received cells alone. 
Similarly, coadministration of a medium dose (10 ng/mouse) of 
IL-12 alone on day 1 and 3 following T cell transfer led to an 
apparent increase in disease incidence (67%) without affecting dis- 
ease severity. 

In contrast, recipient mice that received either 1 or 10 ng IL-12 
on day 1 and day 3 along with 20 /xg of LPS on day 1 following 
T cell transfer showed an increase in disease severity and inci- 
dence. In particular, the administration of a medium doses of IL-12 
(10 ng/mouse) along with LPS showed a 73% incidence of disease 
with an average histology score of 2.25 ±1.1, which was signif- 
icantly higher than when PBS was coadministered (p < 0.008). In 
addition, the percentage of animals with severe disease in the 
IL-12 medium dose group was also higher (42%) when compared 
with the IL-12 low dose group (36%) and significantly higher 
when compared with the PBS control (27%). Interestingly, coad- 
ministration of LPS (20 juLg/mouse) and a high dose of IL-12 (100 
ng/mouse) completely inhibited disease development (incidence 
0%). When LPS and medium doses of IL-12 (10 ng) were coad- 
ministered once a week for 3 wk the incidence of disease was 80% 
(8/10) with an average clinical score of 2.5 ± 1 (Table I). This 
particular induction protocol was also associated with an acceler- 
ated onset of disease as the animals in this group came down with 
disease as soon as 4 wk after T cell transfer (average time of onset, 
4.7 ± 1 .0 wk). In contrast, animals that had received only one dose 
of LPS and IL-12 (10 ng) developed disease at an average of 6.2 ± 
1 .7 wk after T cell transfer, and animals that received T cells only 
developed signs of disease at an average of 7.3 ± 2.0 wk after T 
cell transfer. 

Animals that had received unsorted CD4 + T cells (1 X 10 6 / 
mouse) never came down with disease even if they were treated 
with three administrations of LPS (20 /Ag) and IL-12 (10 ng) (Ta- 
ble I), indicating that LPS and IL-12 administration can only act on 
naive T cells and the regulatory effects of CD45Rb ,ow cells cannot 
be overcome by the administration of microbial factors and IL-12. 
To ensure the presence of sufficient numbers of effector T cells in 
the unsorted cell population, we transferred up to 5 X 10 6 unsorted 
CD4 + T cells plus LPS and IL-12 three times to naive scid/scid 
mice in a different set of experiments; however, this approach also 
failed to induce disease lesions (data not shown). Of note, mice 
that received no T cells or T cells alone were housed together with 
mice that received T cells plus LPS and IL-12, to ensure that other 
exogenous factors did not play a role in the induction of disease. 

In a different set of experiments, we tested whether other mi- 
crobial products such as SEB exert an influence on disease expres- 
sion as well. As shown in Table I, SEB was also able to induce 
disease at a higher incidence and severity (average clinical score, 
1.5 ± 0.9) than cells alone, thus demonstrating that the ability of 
bacterial constituents to modulate the expression of psoriasiform 
lesions is not unique to LPS. 

In separate cell transfer studies, we found that scid/scid mice 
that received inflammatory cells isolated from the skin lesions of 
diseased mice (4 X 10 6 cells were administered/mouse) did not 
develop psoriasis unless LPS and IL-12 was coadministered (data 
not shown), indicating that the transfer of inflammatory psoriatic T 
cells alone is not sufficient to induce a chronic inflammatory re- 
sponse in the skin. 



Psoriatic skin lesions of scid/scid mice treated with LPS and 
IL-12 closely resemble human pathology 

Animals that received CD4" h CD45Rb hlgh cells in conjunction with 
LPS and IL-12 developed disease symptoms as soon as 4-8 wk 
after cell transfer (see Table I). Mice without clinical signs of 
disease at week 10 post T cell transfer remained disease free for an 
additional 4-6 wk of observation. Thus, mice were monitored 
beginning on week 4, and necropsies were performed on subject 
animals between weeks 10 and 12. Clinical signs of disease con- 
sistently included increased erythema of the ear and thickened skin 
on ears and eyelids. Some animals also showed signs of significant 
skin inflammation on the tail. In more severe cases, skin inflam- 
mation was observed throughout the body with increased scaling 
and hair loss (clinical score 4) (Fig. 17)- Ear thickness typically 
varied from a baseline of 21 ± 1.1 pun in undiseased animals to a 
pathological range of 26-50 /wm. Skin that became severely af- 
fected consistently became scaly, ulcerated, and typically showed 
plaque-type elevation (see also Fig. \J). Skin inflammation in pso- 
riatic mice ranged from mild, around the base of the ears and 
around the eyelids (clinical score 1-2), to severe hair loss that 
extended to over 75% of their body (clinical score 3-4) (see Ma- 
terials and Methods). Since ear thickness correlated very well with 
the severity of disease and clinical scores, we used the measure- 
ment of ear thickness as an indicator for overall skin inflammation 
in most experiments. 

Other psoriasis-like models in mice have been criticized for not 
possessing the histological characteristics found in human forms of 
disease. Differences in the mouse skin structures were deemed re- 
sponsible for these discrepancies. An absence of elongation of rete 
pegs (i.e., down-growths of epidermis into dermis) in mice, a ma- 
jor hallmark in human disease, was attributed to the relatively flat 
dermoepidermal junction in mice (8, 48). Histological analysis of 
the lesions induced by our protocol was performed by taking bi- 
opsies of skin samples from several areas of diseased mice and 
examining 3-jun sections stained with hematoxylin and eosin. 
Samples taken from the ear, eyelid, and tail of diseased mice that 
had received T cells plus LPS (20 fig/mouse) and IL-12 (10 ng/ 
mouse) were prepared for histologic evaluation and microscopi- 
cally examined by an independent pathologist. Most lesions were 
found to have typical signs of hyperkeratosis, including ortho- 
keratosis (i.e., layers of anucleated cornifled cells) and parakera- 
tosis (i.e., layers of nucleated cornifled cells) with some ulcer or 
erosion and pustule formation (Fig. 1, D and H). Also noted was 
a thickening of the epidermis (acanthosis) with proliferation of the 
keratinocytes and moderately deep rete pegs in the subcutis (Fig. 
1, D and £); the inflammatory cell infiltration consisted of primar- 
ily mononuclear cells composed of lymphocytes with fewer mono- 
cytes, macrophages and plasma cells. Variable numbers of neutro- 
phils with a few eosinophils were also seen. Capillaries and other 
vessels were numerous, contained large numbers of marginated 
neutrophils and were typically surrounded by lymphocytes (Fig. 1, 
D-H). The combination of these characteristics indicate that the 
psoriasiform lesions in this model are very comparable to those 
found in humans. Immunohistochemistry staining of the skin and 
FACS analysis of infiltrating lymphocytes revealed that beside nu- 
merous CD4 + T cells, no endogenous CD8 + T cells were present 
in the skin lesions (data not shown). Fig. 1, A-C, is representative 
of the histology found in skin from normal scid/scid mice that 
received no T cells. Sections from these mice were taken at the 
same age as diseased mice. The epidermis is 1-2 cells thick and the 
dermis contains almost no lymphocytes. In addition, the density of 
vessels is sparse. The junction of the dermis to the epidermis is 
straight and contains no abscesses. 
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FIGURE 1. Histological analysis of psoriasiform lesions in CD45Rb high T ceil reconstituted scid/scid mice and treated with LPS and IL-12. All 
cross-sections were taken at X 100 magnification. Tissue from normal scid/scid mice. A~C, Ear, eyelid, and tail; magnification X 100. Tissue from scid/scid 
mice that received CD4 + CD45Rb high T cells in combination with LPS (20 p.g) and IL-12 (10 ng). D, Ear; note the presence of the major hallmarks of 
psoriasis: acanthosis ( i.e., thickening of the epidermis) and hyperkeratosis (i.e., thickening of the cornified layers) with some ulcer or erosion formation and 
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Table II. CD4 + T cells isolated from psoriatic lesions of scid/scid mice produce high levels of interferon-y 
and low levels of IL-4" 



T Cell Source IFN-7 (pg) IL-4 (pg) TNF-a (pg) 

Skin from scid/scid-discascd b 22,987 ± 648 468 ± 79 4,654 ± 946 

Skin from scid/scid-\md\$cascd c ^20 ^15 ^35 

CD4 4 'CD45RB hi « h T cells from <20 ^15 <35 

BALB/c spleens'' 

" lFN-y, IL-4, and TNF-a production was measured as described in Materials and Methods. Data represents the mean ± SD. 

h Cells (2.0 X 10 s ) from psoriasiform lesions of 5-10 recipient scid/scid mice that had developed disease following rccon- 
stiturion with CD4 + CD45Rb high cells from normal BALB/c mice along with LPS and IL-J2 were cultured for 48 h. Data are 
one value representative of three experiments showing similar values. 

c Cells (2.0 X 10 5 ) from the skin of 8-10 recipient scid/scid mice that did not show disease symptoms were cultured for 48 h. 
Data arc from one experiment representative of two independent experiments showing similar values. 

*CD4" t "CD45RB hiEh cells (2.0 X 10 5 ) sorted by flow cytometry from spleen cells isolated from BALB/c mice were cultured 
for 48 h. Cell purity was >90%. 



Of note, as one might expect from this model, various degrees 
of inflammation were observed in the colon of these animals as 
well. Interestingly, the administration of LPS and IL-12 (medium) 
did not lead to an increase in severity of colitis, but rather to a 
decrease of inflammation in the colon (average histological score: 
PBS, 2.5; LPS + IL-12 (10 ng), 1.0). No other marked patholog- 
ical changes were observed in other organs (liver, lung) besides an 
occasional splenomegaly with and without infiltration of CD4 + T 
cells (data not shown). 

CD4 + T cells from the skin of mice with psoriasis are 
CD45Rb la "' and produce high levels of IFN-y and low levels 
oflL-4 

To compare the activation/cytokine profile of SIL, we purified this 
population from the skin lesions of diseased and undiseased mice. 
Isolated SIL were stimulated in vitro with anti-CD3 and anti-CD28 
for 48 h, and supematants were tested for the production of IFN-y, 
TNF-a, and IL-4, Lymphocytes isolated from the skin of mice that 
received T cells but showed no clinical signs of disease did not 
secrete any detectable levels of IFN-y or IL-4. In contrast, cells 
from diseased mice expressed very high levels of IFN-y and 
TNF-a and low levels of IL-4 (Table II). This pattern of cytokine 
expression was confirmed by intracellular cytokine staining (data 
not shown). Naive CD4 + CD45Rb high donor cells from spleens of 
BALB/c were stimulated in a similar fashion and showed no de- 
tectable levels of any cytokine tested. Furthermore, the majority of 
CD4"'" cells isolated from the inflamed tissue of diseased mice 
were CD45Rb low (Fig. 2). The data suggest that the majority of naive 
T cells transferred into scid/scid mice differentiate in the microenvi- 
ronment of the skin into Thl-like memory/effector T cells. 

IFN-y-deficient CD4 + CD45Rb hi * h T cells are able to induce 
psoriasiform lesions in scid mice. 

To examine whether EFN-y has a primary role in the induction of 
psoriasiform lesions, we first transferred naive T cells from IFN- 
y-deficient (IFN-y- 7 "") mice into C.B-17 scid/scid mice. Interest- 
ingly, we found that despite the lack of IFN-y, CD4+CD45Rb high 



T cells from IFN-y _/ ~ donors were able to induce psoriasiform 
lesions in scid/scid mice (Fig. 3). Disease induction occurred with 
similar frequency, but ear thickness in diseased IFN-y -/ ~ T cell 
scid/scid mice was, on average, less than in control mice, and skin 
lesions on eyes and face were present but were less pronounced. 
The average clinical score of the diseased mice was 0.9 ± 1.0, and 
only one case of severe psoriasis (clinical score 5: 3) was noted 
(see Table IV). In addition, disease onset was delayed (10-12 wk 
after cell transfer), when compared with control mice (average of 
6-8 wk after cell transfer). Consistent with these observations, it 
appeared that in particular the hyperkeratosis in the skin of IFN- 
y~ /_ T cell scid/scid mice was less pronounced (Fig. 1 G). 

The absence of donor-derived IFN-y production was verified by 
testing the supematants of isolated lymphocytes from the skin of 
diseased CD4+CD45Rb hi&h IFN-y - ' - reconstituted scid/scid mice 
after 48 h of stimulation with anti-CD3 and anti-CD28. No detect- 
able levels of IFN-y (<30 pg) were found in any of the samples 
when tested by ELISA (Table III). The expression of TNF-a was also 
measured and found to be elevated but significantly less than the 
TNF-a levels observed in mice reconstituted with CD4 + CD45Rb hieh 
T cells from wild-type animals (Table III). 

To further rule out that minute levels of IFN-y secreted by host 
NK cells are sufficient to induce disease, we injected IFN-y ~ /_ T 
cells into scid/beige mice. These mice carry in addition to the scid 
mutations, the beige mutation that causes a deficiency in NK cells 
in addition to the T and B cell deficiency already present in the scid 
mutation. As shown in Fig. 1 H, scid/beige mice that received IFN- 
y~'~ CD4 + CD45Rb hi8h T cells also developed a very significant 
increase in ear thickness; however, again, the onset of disease was 
significantly delayed (Fig. 3) and the incidence of disease was 
reduced (Table IV) when compared with mice that had received 
IFN-y 4 - 7 "*- CD4 + CD45Rb hi8h T cells. In addition, the severity of 
disease as measured by ear thickness (Fig. 3) and clinical score 
(Table IV) was attenuated. Interestingly, despite the presence of 
severe mononuclear cell infiltration, the acanthosis, consistent with 
above results, was less pronounced in these animals (Fig. \H). 



epidermal (micro)-abscess formation, and mononuclear lymphocyte infiltration (magnification, X 100). E, eyelid; the same hallmarks of psoriasis can also 
be seen here with the addition of elongated rete peg formations (i.e., down-growths of epidermis into dermis) (arrows) (magnification. X 100). F, Tail; note 
elongated rete pegs (arrows) as well as severe acanthosis with aggregations of neutrophils forming abscesses. Vessels are surrounded by mononuclear cells 
contain large numbers of marginated neutrophils (magnification, XI 00). (7, Tissue (ear) from scid/scid mice that received IFN-y-deficient 
CD4 + CD45Rb hltjh T cells and LPS plus IL-12 (10 ng). The acanthosis is less severe than in the scid/scid mice that received wild-type T cells (magnification, 
X 100). M Tissue (ear) from scid/beige mice that received IFN-y-deficient CD4 + CD45Rb hi8h T cells and LPS plus IL-12 (10 ng). The acanthosis, but not 
the inflammation, is less severe than in the scid/scid mice that received wild-type T cells (magnification, X100). /, Tissue (ear) from mice treated twice 
with anti-IL-12 (0.5 mg each time). The skin tissue is indistinguishable from sample shown in A (magnification, X100). J, scid/scid mouse with severe 
psoriasis after CD45Rb hifih T cell transfer and administration of LPS (20 /xg) and IL-12 (10 ng). The mouse shows extensive hair loss, severe erythema 
with ulceration and scaling with plaque-like elevations, especially on ear and face (clinical score 4). 
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FIGURE 2. CD4 + T cells isolated from psoriatic lesions express low 
levels of CD45Rb. Total cells from psoriasiform lesions were stained with 
APC-conjugated anti-CD4 and PE-conjugated CD45Rb. The histogram 
shows CD45 positive staining of gated CD4"*" cells. Donor cells (open 
histogram) are compared with cells that were isolated from psoriasiform 
lesions (filled histogram). Data are representative of at least four indepen- 
dent experiments. 



These results indicate that IFN-7 regulates either directly or indi- 
rectly keratinocyte proliferation, but not mononuclear cell infiltra- 
tion/activation in psoriasis. 

IL-12 is highly expressed in psoriasiform lesions and in vivo 
neutralization of IL-12 down-regulates TNF-a and IFN-y and 
inhibits disease development 

We next focused on IL-12, since this proinflammatory cytokine 
plays a key role in the induction of IFN-y. We performed immu- 
nohistochemical studies to detect the presence of heterodimeric 
IL-12 in inflamed tissue. The illustrations presented are anti-IL- 
12-PE stained S-pm cross-sections from samples of ears of dis- 
eased mice. As shown in Fig. 4A, there is a very significant amount 
of IL-12 (p35/p40 (p70)) heterodimer expressed in the tissue of 
diseased CD4 + CD45Rb high -treated mice. In contrast, significant 
less staining could be observed in CD4*CD45Rb hieh -treated ani- 
mals that were injected with anti-IL-12 mAb (0.5 mg/mouse) on 
day 7 and 35 (Fig. 4B). 

To further evaluate the role of IL-12 in the induction of psori- 
asiform lesions, we administered anti-IL-12 mAb (0.5 mg) at day 



7 and 35 after T cell transfer to scid/scid mice that had received 
wild-type CD4 + CD45Rb high T cells. Two doses of anti-IL-12 
mAb were given to maintain a high enough Ab titer over the entire 
period of disease induction after the transfer of CD4 + CD45Rb high 
T cells. In two independent experiments, mice (group of five) that 
were treated with anti-IL-12 mAb were completely protected from 
developing disease. Only 1 mouse out of 10 developed visible mild 
psoriasis in the form of slight hair loss and erythema around the 
eyelids (clinical score 1); however, this mouse and all other mice 
treated with anti-IL-12 mAb did not develop any increase in ear 
thickness (Fig. 3). In contrast, control mice that were treated with 
rat IgG control Abs or with PBS showed an incidence of 90% (9 
of 10 mice developed disease) with an average clinical score of 
2.4 ± 0.7 (Table IV). The higher incidence and severity of disease 
in this group was also associated with a significantly higher in- 
crease in ear thickness over time (Fig. 3). 

The ears and skin of mice that received anti-IL-12 were exam- 
ined for the cytokine production of infiltrating lymphocytes. While 
there were very few lymphocytes present in the skin of anti-IL- 1 2 
treated animals, these were isolated and tested for IFN-7, IL-4, and 
TNF-a production. Only low levels of IFN-7, ILA, and TNF-a 
were detected in the supematants of cells isolated from treated 
animals when compared with the cytokine production of supema- 
tants obtained from control animals (Table III). 

The results above are corroborated by the analysis of the his- 
topathological sections obtained from animals that were treated 
with anti-EL-12 mAb. Mice that had been treated with with 0.5 mg 
of anti-IL-12 mAb on day 7 and 35 lacked any signs of significant 
inflammation, acanthosis or hyperkeratosis (Fig. 1/). Thus, anti- 
IL-12 administration seems to prevent the development of psori- 
asiform lesions by inhibiting keratinocyte hyperproliferation and 
mononuclear cell infiltration most likely by down-regulating both 
IFN-y and TNF-a production. 



Discussion 

Psoriasis is a papulosquamous skin disease associated with rapid 
epidermal proliferation and a chronic mixed mononuclear cell in- 
filtrate, including macrophages, dendritic cells, and activated T 



FIGURE 3. Administration of anti-IL-12, but not 
the transfer IFN-y~ ; ~ CD4 + CD45Rb high T cells, in- 
hibits the development of psoriatic skin lesions in 
scid/scid mice. C.B-17 scid/scid mice were reconsti- 
tuted with 3 X 10 5 CD4 + CD45Rb hi * h cells from the 
spleen of BALB/c mice and injected with 20 y,g LPS 
on day 1 and twice with 10 ng IL-12 on day 1 and 3. 
Control mice received rat IgG Ab (n - 5). The ex- 
perimental group was treated with anti-IL-12 mAb 
(clone CI 7.8 rat IgGl, PharMingen) on day 7 and 35 
(n = 5,p < 0.001). In the IFN-y~'~ T cells transfer 
group either scid/scid (n = 5,p < 0.005) or scid/beige 
mice (n - 7, p < 0.013) received 3 X 10 5 
CD4 + CD45Rb hi8h from spleens of IFN-y-deficient 
mice. Recipient mice were treated with LPS and IL-12 
as described above. Ear thickness is measured in /xm 
and is reported in weekly time intervals. Data repre- 
sents the average ± SEM of four to five animals per 
group of one experiment. One additional experiment 
of the control, anti-IL-12 group, and the IFN-y _/ ~ 
group gave similar results. Statistical analysis was per- 
formed using the two-tailed Student's t test. 
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Table III. Anti-lL-12 treatment reduces T cell inflammatory responses significantly, and IFN-y ' S1L 
produce TNF-&* 



T Cell Source IF1N7 (pg) 1L-4 (pg) TNFa (pg) 



Control mice* 56,380 ± 7.940 76 ± 5 698 ± 195 

Anti-IL-12-treated mice'' 300 ± 7 46 ± 4.1 <35 

Mice reconstituted with <20 69 ± 7.3 122 ± 31 

CD4 + CD45RB hi8h IFN-7" / ~ BALB/c 

T cells' 



• IFN-y, 1L-4, and TNF-u production by 2.0 X 10 5 SIL was measured as described in Materials and Methods. Data represent 
the mean ± SD. All mice were sacrificed at week 10 after T cell transfer. Control and treatment groups consisted of four to five 
mice. Lymphocytes from each group were pooled for in vitro stimulation regardless of disease status. 

b Cells were isolated from psoriasiform lesions of 5-10 diseased scid/scid mice following rcconstitution with 
CD4" i 'CD45Rb hich and LPS + IL-12 administration. Mice did not receive any treatment. Data are from one experiment rep- 
resentative of three independent experiments showing similar values. 

c Mice were treated twice i.p. with 0.5 mg of anti-lL-12 mAb (clone CI 7.8 rat lgGl ) on day 7 and 35. Mice were sacrificed 
at week 1 0 after T cell transfer. Data are from one experiment representative of two independent experiments showing similar 
values. 

d Cells isolated from psoriatic skin from the ears and eyelids of recipient scid/scid mice that were reconstituted with 
CD4*CD45RB hi « h cell from BALB/c IFN-7~'~ mice. 



cells. Although this histopathology together with reports that ad- 
ministration of Abs against CD4 or fragments of diphtheria toxin 
fused to IL-2 may be beneficial in patients with psoriasis (18, 
49-52) suggest an important role of T cells in the pathogenesis of 
this disease, the precise function of such inflammatory T cells is 
still unknown. Recently, Schon et al. (15) provided direct evidence 
that T cells may play a central role in the pathogenesis of the 
disease, by demonstrating that the transfer of minor-haplotype mis- 
matched naive T cells into scid/scid mice was able to induce pso- 
riasiform lesions in these mice. In these experiments, the expres- 
sion and time to induction of disease was highly dependent on the 
specific minor histocompatibility Ags expressed by the donor cells. 
For instance, when BALB/c donor cells were used, the psoria- 
siform lesions induced in scid/scid mice were typically mild. How- 
ever, when using different donor cells from F 2 (BALB/c X 129/ 
SvJ) resulting in a greater genetic difference between donor and 
recipient mice, the authors were able to demonstrate a significant 
increase in the severity of the lesions. Although these studies were 
the first to show that T cells transferred into a scid/scid mouse can 
be directly responsible for the induction of psoriasis, they reveal 
little about the role of exogenous stimuli and the pathogenic mech- 
anisms of the T cell involvement in the disease process. 

Thus, we first examined in the present study the question of how 
immunomodulatory stimuli, in this case microbial Ags and the 
proinflammatory lymphokine IL-12, effect the ability of T cells to 
induce psoriasis in this newly developed CD4" H CD45Rb h,8h T cells 
transfer model. We show that coadministration of LPS and IL-12 



(1 and 10 ng) led to a more rapid onset and to an increased inci- 
dence of psoriasis in C.B-17 scid mice. In addition, the observed 
lesions in treated mice were also more severe. In additional ex- 
periments, we were able to demonstrate that coadministration of 
SEB also led to a significant increase in disease incidence and 
expression. These findings are very intriguing in light of reports 
that a significant number of patients report bacterial or viral infec- 
tions before the appearance of psoriasiform lesions (reviewed in 
Refs. 53-55) and in light of recent animal model data that have 
suggested a role of bacterial superantigens in the pathogenesis of 
psoriasis (17, 56). Most notably, the skin lesions that developed by 
this method of induction were characteristic and remarkably sim- 
ilar to human psoriatic lesions, exhibiting most clinical and histo- 
logical hallmarks. The scaling and thickening of skin evident mac- 
roscopically was due to marked hyper, parakeratosis, and 
acanthosis. It is further documented in the microscopic appearance 
of elongated rete pegs, ulcer, and pustule formation, and in the 
often severe epidermal hyperplasia. The inflammatory cell infil- 
tration was primarily mononuclear and composed of lymphocytes 
with fewer monocytes, macrophages, and plasma cells. Moreover, 
the majority of CD4 4 " T cells isolated from psoriasiform lesions 
express low levels of CD45Rb, which is consistent with the fact 
that recent studies in humans found that T cells isolated psoriatic 
plaques exhibit a memory phenotype (57). The above described 
histological characteristics (elongated rete pegs, microabscesses, 
acanthosis, hyperplasia, and hyperkeratosis) clearly distinguish 
this model from classic cutaneous graft-versus-host disease 



Table IV. Incidence and clinical score of CD4*CD45Rb h ' 8h scid mice 



T Cell/Recipient* 


Incidence 6 


Average Clinical 
Score* 


Severe Disease'' 


IFN-y 4 ^ scid/scid" 


9/10(90%) 


2.4 ± 0.7 


5/10(50%) 


IFN-y +/+ scid/scid a-lL-l^ 


1/10(10%) 


0.1 ± 0.3 


0/10(0%) 


1 FN - y ~ ' ~ scid/scid 5 


5/9 (56%) 


0.9 ± 1.0 


1/9(11%) 


IFN-y'" scid/beige 8 


3/7 (43%) 


1.0 ± 1.3 


2/7 (29%) 



■ All mice were reconstituted with cither 1FN-?*'- or IFN-y""'" CD4 + CD45Rb hi * h T cells and LPS + IL-12. 
h Disease incidence is reported as number of mice with disease over 10 wk of time: criteria being ear thickness &26 /im or 
clinical score of a I. 

c Average clinical score ± SD was assessed of all mice in the group as described in Materials and Methods. Values: p vs 
IFN-y +/+ scid/scid: anti-IL-12; p < 0.0000001; IFN-?""'" scid/scid; p < 0.003; IFN-y" - '" scid/beige; p < 0.01. Statistical 
analysis was performed using the two-tailed Student's t test. 

''Severe disease induction calculated as the number of animals that received an average histology score of £2.5 and/or a 
clinical score of £3. 

e Mice received cither PBS or control Ab (rat lgGl). 

f Ab treatment is described in Materials and Method and Table 3. 

K scid/scid and scid/beige. mice that were reconstituted with CD4 + CD45Rb hich cell from BALB/c IFN-7" 7 "* mice. 
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A 



B 



FIGURE 4. Immunohistochemical identification of heterodimeric IL-12 
in the skin of scid/scid mice with psoriasis. A y High staining intensity of 
IL-12 heterodimer is seen in the skin of mice that were treated with control 
Ab (rat IgG). B, Few cells stain for IL-12 heterodimer in the skin of scid/ 
sad mice that were treated twice i.p. with 0.5 mg of anti-IL-12 mAb (clone 
CI 7.8 rat lgGl) on day 7 and 35. Samples were taken 10 wk after T cell 
transfer and LPS and IL-12 (10 ng) administration. Tissue was stained with 
anti-IL-12 PE conjugated mAb (clone C17.8 rat IgGl; PharMingen) and 
photographed at X200 magnification, using Kodak 400 film. 



(GVHD), despite the fact that by definition through the use of 
minor haplotype mismatched T cells transfer this model could be 
interpreted as a GVHD model. Moreover, in contrast to psoriatic 
lesions, the histology of GVHD skin samples exhibits degenerating 
or necrotic keratinocytes, apoptotic basal cells surrounded by lym- 
phocyte and dense dermal fibrosis (58), clearly not observed in this 
model. In fact, this and the SCID-hu xenogeneic transplantation 
model (17) are the only murine models of psoriasis to our knowl- 
edge in which the skin histology shows elongated rete pegs for- 
mation. Beside the similarity to the human histology observed in 
this study, there are also some differences. Most notable is the 
absence of CD8 + T cells in this model which can be found in the 
epidermis of psoriatic plaques in humans (59-61). So far, how- 
ever, a primary role for CD8 + T cells in the pathophysiology of 
psoriasis has not been identified and successful initial therapies 
targeting CD4* T cells rather than CD8^ T cells point toward the 
CD4 4 " T cells as the primary culprit of the disease (49-52). Fur- 
thermore, the amount of CD8 + T cells seems to also vary signif- 
icantly in different stages and types of psoriasis (60, 62). Never- 
theless, further experiments have to address the role of CD8" < " T 
cells in the CD4 + T cell transfer model. 

Several mechanisms could be responsible for the disease-pro- 
moting effects of LPS, IL-12, and SEB. First, these immunomodu- 
lators may assist in the proliferation and differentiation of naive 
ThO cells to Thl cells. This is quite plausible, since IL-12 alone 
without TNF-a or IL-1 fails to activate T cells (63-65) and mi- 
crobial products; in particular, LPS can induce the production of 
these proinflammatory lymphokines by macrophages. In fact, re- 
cent studies have shown that microbial products, such as LPS, can 



directly stimulate TNF-a, IL-6, and to a lesser extent IL-12 pro- 
duction by murine skin-derived dendritic cells (66), and thus may 
be responsible for setting the proinflammatory condition for auto- 
reactive T cells. Recent studies by Sega! et ah (37) demonstrate 
that microbial products (LPS, Escherichia coli DNA, CpG oligo- 
nucleotides) can directly activate dormant myelin-basic protein- 
specific T cells into effector cells capable of inducing murine en- 
cephalitis, an effect that is dependent on IL-12. Thus, it is possible 
that CD45Rb high T cells after the transfer into SCID mice require 
additional IL-12 dependent signals to develop into autoimmune 
effector cells. 

In addition to their immunostimulatory effects on macrophages 
and their effects on the development of Thl effector cells, LPS, 
IL-12, and SEB may also modulate leukocyte trafficking in recip- 
ient mice to result in the cutaneous localization of Thl effector 
cells. LPS promotes leukocyte recruitment by stimulating endo- 
thelial cell expression of E-selectin, ICAM-1, and VCAM-1 ad- 
hesion molecules both directly and through its ability to induce the 
production of IL-1, TNF-a and IFN-y (reviewed in Refs. 67 and 
68). The proinflammatory effects of these cytokines on leukocyte 
adhesion and migration is also well-known (67, 68). Most inter- 
estingly, in humans IL-12 and bacterial superanrigens, such as 
SEB, have been demonstrated to induce the expression of the cu- 
taneous lymphocyte Ag (CLA) on activated T cells (69). CLA" 1 " T 
cells are highly enriched in chronic inflammatory skin disorders 
and CLA appears to function as a homing receptor for the skin as 
it is a ligand for endothelial cell E-selectin (70-72). Additional 
experiments will address the relationship of these observations in 
humans to our studies in mice. 

I FN -7 and IL-12 are two very important immunoregulatory cy- 
tokines that have been shown to play an important role in the 
development of autoimmune disorders (43, 73). IL-12 primarily 
activates NK and T cells, whereas IFN-y primarily activates mac- 
rophages and induces the up-regulation of class II molecules on 
tissue cells. While the key function of IL-12 is the induction and 
maintenance of IFN-y production in T cells during an immune 
response and in various autoimmune conditions, the role of IFN-y 
during such processes, in particular whether IFN-y is necessary for 
the IL-12 mediated generation of autoreactive inflammatory Thl 
cells, has been controversial (36). Considering the presence of 
IFN-y in psoriatic plaques in humans as well as in animal models 
and its putative involvement in the epithelial and keratinocyte ab- 
normalities observed in patients (74-85) and our findings that 
IFN-y is produced at very high levels by inflammatory T cells 
isolated directly from the lesions of psoriatic mice, one might have 
expected IFN-y to be crucial for the induction of autoimmune 
effector cells in psoriasis. The data in this paper, however, indicate 
that IFN-y may only participate in the disease process by enhanc- 
ing disease severity, most likely by promoting keratinocyte pro- 
liferation, but clearly not by inducing and maintaining pathogenic, 
inflammatory T cells in psoriatic skin. This finding is supported by 
the fact that the histology observed in lesions of mice that received 
IFN-y-'" donor T cells showed slightly lesser or equal signs of 
inflammation but hyperkeratosis or acanthosis was clearly dimin- 
ished in scid/scid or scid/beige mice. Moreover, although clinical 
severity of disease, as measured by ear thickness and macroscopic 
observation, was attenuated when compared with control animals, 
the incidence of disease was very similar. This was also found to 
be true when IFN-y ~ / ~ T cells were transferred into T, B, and NK 
cell-deficient scid/beige mice. 

These results indicate that IFN-y might not play a major role in 
the induction of chronic skin inflammation, but seems to be an 
important cofactor in the induction of aberrant keratinocyte pro- 
liferation. Such a notion is supported by the fact that the IFN-y 
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receptor is present on keratinocytes (75) and by the work of Prinz 
et al. (46), in which they demonstrate that lesional psoriatic T 
lymphocytes are capable of promoting keratinocyte proliferation in 
vitro and that such mitogenic capacity can be inhibited by the 
addition of serum containing Abs against IFN-y. Others have 
shown that IFN-y is able to promote keratinocyte proliferation in 
the presence of psoriatic fibroblasts but not in the presence of 
healthy fibroblasts (83). In addition, it is possible that IFN-y leads 
to keratinocyte hyperplasia by promoting keratinocyte survival 
through the induction of CD40 on the surface of keratinocytes (86) 
and/or through the induction of Bcl-X L (87). 

The absence of host-derived IFN-y was verified by the mea- 
surement of IFN-y from anti-CD3 and anti-CD28 stimulated 
whole cells isolated from the inflammatory lesions of animals that 
received IFN-y"'"" T cells. As expected, we were unable to detect 
any measurable level of IFN-y, thus further ruling out the possi- 
bility that IFN-y might be secreted by non-T cells in the skin, 
including NK cells. However, we cannot rule out that very 7 small 
amounts of IFN-y secreted by host cells could have inflammatory 
effects on donor T cells and host macrophages. Another possibility 
would be that in the IFN-y"'" T ceWscid transfer experiment, Th2 
inflammatory T cells are generated in the absence of IFN-y that are 
capable of inducing psoriasiform lesions. That such immune de- 
viation can cause disease has been recently reported in other au- 
toimmune models that are classically associated with Thl-type in- 
flammatory responses (88, 89). However, our data do not support 
this, since we were unable to detect elevated amounts of IL-4 in the 
supernatants of cells isolated from diseased IFN-y"'" T ceWscid 
animals. 

In contrast to IFN-y, an absolute requirement for IL-12 in the 
development of chronic psoriasiform lesions in scid/scid mice was 
demonstrated by several observations made in our studies. First, 
medium and low doses of IL-12 (1 and 10 ng/mouse) administered 
following donor T cell transfer resulted in a higher incidence and 
severity of disease. Moreover, in situ staining of inflamed tissue 
revealed a significant present of heterodimeric IL-12 (p70), while 
IL-12 staining was not present at all in noninflamed control tissue. 
Most importantly, in vivo neutralization of IL-12 with a mAb re- 
acting against IL-12 p70 heterodimer 7 days following T cell tr ans- 
fer was able to completely abrogate disease induction. An inter- 
esting aspect of our studies was that high doses of IL-12 (100 
ng/mouse) actually inhibited disease induction instead of promot- 
ing disease development. This dose-dependent effect of IL-12 
found in our studies are reminiscent of findings made by others in 
an animal model of rheumatoid arthritis (90). In this model, high 
doses of IL-12 for 3 wk successfully suppressed the induction of 
collagen induced arthritis in DBA/1 mice, while lower doses of 
IL-12 resulted in a more severe form of arthritis in these mice (90, 
91). The reasons for these opposing effects are currently unknown. 

Although our finding of the IFN-y-independent effect of IL-12 
in the generation of inflammatory T cells during the onset of pso- 
riasis are quite surprising, they are not entirely unexpected. Very 
recently, others have provided evidence, that IFN-y under some 
condition may not be crucial for the induction of other autoim- 
mune conditions as well. For example, Simpson et al. (92) dem- 
onstrated that IFN-y _/ ~ T cell reconstituted animals developed 
colitis and wasting disease at a similar rate and severity as IFN- 
y +/+ cell reconstituted mice. In more recent studies, Davidson et 
al. (93) demonstrated very nicely that IFN-y seems to be only 
important during the onset (acute) phase of colitis, since the ad- 
ministration of anti-IFN-y mAb prevented disease onset, but neu- 
tralization of IFN-y during the chronic phase had no effect on 
reversing colitis in IL-10 KO mice. Moreover, Segal et al. (94) 
showed that IL- 1 2 is able to induce experimental allergic enceph- 



alitis (EAE) in the presence or absence of IFN-y. In an infectious 
disease model, IL-12 was able to exert antimicrobial activity 
against Leishmania donovani in IFN-y ~'~ mice (95). Interest- 
ingly, the leishmanicidal activity of IL-12 was dependent on 
TNF-a and required the activity of inducible NO synthase. Since 
we were able to find high levels of TNF-a in the supernatants of 
cells extracted from the IFN-y" /_ T cell transfer scid animals, it is 
possible that the IL-12 disease-inducing effects in our model are 
also TNF-a dependent. Although our findings and above consid- 
erations point strongly toward a Thl -mediated disease mechanism, 
the presence of substantial amounts of IL-4 in the supernatants of 
cells isolated from psoriasiform lesions justify a more close look at 
the role of this Th2 cytokine in the disease process. It is quite 
possible that the pathogenesis of psoriasiform lesions in this model 
is dependent on both Thl and Th2 cytokine, most likely at different 
stages of the disease process. 

In summary, the murine chronic skin disorder described in this 
study included features that are normally only observed in human 
psoriasis, such as rete pegs, severe acanthosis, and infiltration of 
Thl cells into the dermis. The clinical and histopathological ab- 
normalities were greatly enhanced by the in vivo administration of 
LPS and IL-12, suggesting an important role of infectious agent(s) 
in the pathogenesis of the disease. Moreover, we demonstrated for 
the first time that the induction of psoriasiform lesions was depen- 
dent on IL-12, but independent on IFN-y. Thus, this study offers 
further insight into the specific pathogenic requirements of Thl 
promoting cytokines and cells for the development of psoriasiform 
lesions and hopefully will provide further insight into the preven- 
tion and treatment of psoriasis in humans. 
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Abnormalities of dendritic cells (DCs) have been iden- 
tified in type 1 diabetic patients and in nonobese dia- 
betic (NOD) mice that are associated with augmented 
nuclear transcription factor (NF)-kB activity. An imbal- 
ance that favors development of the immunogenic DCs 
may predispose to the disease, and restoration of the 
balance by administration of DCs deficient in NF-kB 
activity may prevent diabetes. DCs propagated from 
NOD mouse bone marrow and treated with NF-kB- 
specific oligodeoxyribonucleotide (ODN) in vitro 
(NF-kB ODN DC) were assessed for efficacy in preven- 
tion of diabetes development in vivo. Gel shift assay 
with DC nuclear extracts confirmed specific inhibition 
of NF-kB DNA binding by NF-kB ODN. The costimula- 
tory molecule expression, interleukin (IL)-12 produc- 
tion, and immunostimulatory capacity in presenting 
alio- and islet-associated antigens by NF-kB ODN DC 
were significantly suppressed. NF-kB ODN renders DCs 
resistant to lipopolysaccharide stimulation. Administra- 
tion of 2 x 10 6 NF-kB ODN DCs into NOD mice aged 6-7 
weeks effectively prevented the onset of diabetes. T- 
cells from pancreatic lymph nodes of NF-kB ODN DC- 
treated animals exhibited hyporesponsiveness to islet 
antigens with low production of interferon-7 and IL-2. 
These findings provide novel insights into the mecha- 
nisms of autoimmune diabetes and may lead to develop- 
ment of novel preventive strategies. Diabetes 52: 
1976-1985, 2003 
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Insulin-dependent diabetes (type 1 diabetes) is an 
autoimmune disease characterized by T-cell-medi- 
ated destruction of the pancreatic p-cells (1). The 
nature of immune dysregulation leading to (3-cell 
destruction remains poorly understood, but it is clearly 
influenced by multiple genetic, environmental, and immu- 
nological factors. In particular, antigen-presenting cells 
(APCs) have a significant impact on T-cell differentiation 
by providing costimulatory signals and secreting the cyto- 
kine milieu at the time of T-cell priming (2). Dendritic cells 
(DCs) are professional APCs and control immune re- 
sponses to either augment or reduce autoimmunity, which 
is related to their state of maturation (3,4). Mature DCs 
express high major histocompatibility complex (MHC) and 
costimulatory molecules, secrete interleukin (IL)-12, and 
stimulate vigorous T-helper 1 responses. In contrast, im- 
mature DCs expressing low costimulatory molecules in- 
duce antigen-specific hyporesponsiveness by triggering 
T-cell apoptosis (5) or differentiation of regulatory T-cells 
(6). Maturational and functional abnormalities of DCs 
have been demonstrated in humans with type 1 diabetes 
(7,8) and in nonobese diabetic (NOD) mice (9). Indeed, 
DCs are among the first cell populations detected within 
the islets during the onset of diabetes, and diabetes can be 
induced by an adoptive transfer of syngeneic DCs treated 
with tumor necrosis factor (TNF)-ot in NOD mice (8,10). 

The activation of nuclear transcription factor (NF)-kB is 
important in DC maturation and activation (11). Mature 
DCs express NF-kB, and mice lacking NF-kB complexes 
fail to develop myeloid-derived DCs (12,13). Many induc- 
ible genes that encode cytokines, chemokines, cell adhe- 
sion molecules, growth factors, costimulatory molecules, 
and immune receptors contain NF-kB binding sites in their 
promoters or enhancers (14,15). NF-kB is present in the 
cytoplasm and associated with the inhibitor of kB (IkB) as 
an inactive complex. Various external and internal signals, 
including cytokines, lipopolysaccharide (LPS), and mito- 
gens, lead to the dissociation of the NF-kB/IkB complex by 
degrading IkB and allowing the nuclear translocation of 
free NF-kB (11). In the nucleus, NF-kB binds to a specific 
DNA motif and regulates transcription of target genes. The 
development of diabetes has been correlated with elevated 
levels of NF-kB activation and enhanced antigen-presen- 
tation function in DCs of NOD mice (16,17), due to 
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hyperactive IkB kinase (11). In addition, DCs in NOD mice 
show an inability to effectively elicit regulatory T-cell 
function and a propensity to secrete high levels of IL-12, an 
important proinflammatory cytokine that drives T-helper 1 
responses (13). Therefore, an imbalance favoring develop- 
ment of immunogenic DCs, such as those with elevated 
NF-kB activity, might predispose to developing autoim- 
mune diabetes (18), and restoration of the balance by 
administering DCs deficient in NF-kB activity might pre- 
vent the development of diabetes. 

We constructed decoy double-stranded oligode- 
oxynucleotides (ODNs) containing a consensus of NF-kB 
binding sites that inhibit NF-kB activity (19). The data of 
this study demonstrated that NF-kB ODN specifically 
inhibited NF-kB DNA binding capacity and prevented DC 
maturation and antigen-presentation capacity. Administra- 
tion of the DCs deficient in NF-kB activity prevented 
diabetes development in NOD mice, which was associated 
with T-cell hyporesponsiveness to islet antigens. 

RESEARCH DESIGN AND METHODS 

Animals. Female NOD (H2 87 ) and C3H (H2 k ) mice were purchased from The 
Jackson Laboratory (Bar Harbor, ME). Animals were maintained in the 
specific pathogen-free facility of the University of Pittsburgh Medical Center 
and provided Purina Rodent Chow (Ralston Purina, St. Louis, MO) and water 
ad libitum. They were used and cared for in accordance with institutional and 
National Institutes of Health guidelines. 

Islet lysate preparation. Islets were isolated from the pancreas by collage- 
nase V (Sigma, St Louis, MO) digestion as previously described (20), with 
slight modification (21). After separation on a Ftcoll gradient (Type 400; 
Sigma), the islets were purified by hand picking to eliminate remaining 
exocrine tissues and suspended in Hank's Balanced Salt Solution (Life 
Technologies, Grand Island, NY). Islet lysate was prepared by repeat freezing 
(5 min in dry ice-ethanol bath) and thawing (10 min in 37°C warm bath) four 
to five times. 

ODN. Double-stranded NF-kB ODN decoys were generated using equimolar 
amounts of single-stranded sense and antisense phosphorothioate-modified 
ODN containing two NF-kB binding sites (sense strand: 5'-AGGGACTTTC 
CGCTGGGGACTTTCCS'; NF-kB binding sites are italicized) (19). A double- 
stranded ODN consisting of a random sequence (sense strand: 5'-ACCAGTC 
CCTAGCTACCAGTCCCTA-3') was used as control. Sense and antisense 
strands of each ODN were mixed in the presence of 150 mmol/1 NaCl. heated 
to 100°C, and cooled to room temperature to obtain double-stranded DNA. 
DC culture. NOD mouse bone marrow cells were cultured in 24-well plates 
(2 x 10 rt per well) in RPMI-1640 media (life Technologies) supplemented with 
antibiotics and 10% (vol/vol) FCS (hereafter referred to as "complete medi- 
um") containing both granulocy te-macrophage colony-stimulating factor (GM- 
CSF) (4 ng/ml) and IL4 (1,000 units/ml) (both from Schering-Plough Research 
Institute, Kenil worth, NJ) for 5-7 days. The selection and purification proce- 
dures were performed as previously described (22). In vitro stimulation of 
DCs was achieved by exposure to LPS (2 u.g/ml) for the last 18 h of culture. 
To incorporate ODN, 10 putnol/l ODN was added at the initiation of DC culture. 
For pulsing islet antigens, lysate of pancreatic islets isolated from NOD mice 
was added at 1:5 of DCiislet cell ratio for the last 48 h of DC culture. 
Flow cytometry. Expression of cell surface molecules on DCs was deter- 
mined by flow cytometric analysis, using an Epics Elite flow cytometer 
(Coulter Corporation, Ilialeah, FL). Cells were stained with the primary 
hamster or rat monoclonal antibodies (mAbs) against CD40, CD80, CD86, or 
CD 11c followed by fluorescein isothiocyanate (FlTC>conjugated goat anti- 
hamster IgG or anti-rat IgG 2 . t , as described (5). MHC antigen was detected 
with FITC-conjugated anti-H2K" mAb (all from B.D. PharMingen, San Diego, 
CA). 

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay 
(EMSA) was performed using a commercially available kit (Promega, Madi- 
son, WI) that was supplied with an NF-kB probe oligonucleotide (sense 
sequence: 5^GTTGAGGGGACTTTCCCAGGC3'), which was end labeled with 
y«p ATp ( NEN Boston, MA). A 25-fold excess of unlabeled oligonucleotide 
was used as cold probe. Nuclear proteins (1 u,g) were loaded in each lane. The 
mobility shift was detected by running the mixture on a 4% acrylamide gel. 
Shifted bands were visualized by autoradiography. 

T-cell proliferation. To examine DC allostimulatory activity, ^-irradiated (20 
grays) DCs propagated from bone marrow cells of NOD mice were used as 
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FIG. 1. NF-kB ODN inhibits NF-kB DNA binding in DCs. Nuclear 
proteins were extracted from DC propagated from bone marrow of 
NOD mice with GM-CSF and IL-4 in the absence (DC) or presence of 
NF-kB ODN (NF-kB ODN DC) for 5 days. For further activation, DCs 
were exposed to LPS (2 jig/ml) for the last 18 h. NF-kB DNA binding 
activity was determined by ESMA, as described in research design and 
methods. Medium alone, lane 1\ DC and cold probe, lane 2\ DC, lane 3; 
DC stimulated with LPS, lane 4; NF-kB ODN DC, lane 5; NF-kB DC 
stimulated with LPS, lane 6. NS, nonspecific band. The data are 
representative of three separated experiments. 

stimulators. C3H spleen T-cells (2 X 10 5 ) enriched through a nylon wool 
column were used as responders. For assessment of autostimulatory activity, 
stimulator DCs were pulsed with islet lysate, and enriched T-cells (2 X 10 5 ) 
isolated from NOD mesenteric lymph nodes or spleens were used as respond- 
ers. Cells (200 u.l/well) were cultured in complete medium in triplicate in 
96-well round-bottom plates in 5% C0 2 in air at 37°C for 3-5 days. ( 3 H]TdR (1 
u.Ci/well) was added for the final 18 h of culture. Incorporation of [ 3 H]thymi- 
dine into DNA was assessed by liquid scintillation. Results are expressed as 
mean counts per minute (cpm) ± 1 SD. 

DC administration and assessment of diabetes. Female 6- to 7-week-old 
NOD mice were given a single intravenous injection of 2 x 10 6 DCs, and blood 
glucose levels were monitored weekly. The first day of two consecutive 
readings of blood glucose >350 mg/dl was defined as the date of diabetes 
onset To score insulins, pancreata were fixed in 4% paraformaldehyde and 
embedded in paraffin. Sectioas (4 mm each) were prepared and stained with 
hematoxylin and eosin (23). The lineage of infiltrating cells was identified by 
immunohistochemistry in cryostat sections using biotinylated rat anti-mouse 
CD4, CD8, B220, CD lib, or CD 11c mAb (B.D. PharMingen) in an avidin-biotin- 
alkaiine phosphase complex staining procedure. Isotype- and species- 
matched irrelevant mAbs were used as control animals. 
Cytokine and nitric oxide quantitation. Levels of IL-2, IFN-7, ILr4, IL-10. 
and IL-12 in supernatants of cultures were quantitated using enzyme-linked 
immunosorbent assay (EUSA) kits (BioSource, Camarillo, CA). Nitric oxide 
levels were determined by the colorimetric Griess reaction through detecting 
the end product nitrite (24,25). 

RNase protection assay. Total RNA was extracted using the guanidinium 
isothiocyanate-phenol-chloroform method with TRI reagent (Sigma, St Louis, 
MO) as described (24). The purity of RNA was determined from the A 2R0/280 
absorbance ratio. Cytokine mRNA was assessed using the Ribonuclease 
Protection Assay Kit (RiboQuant, San Diego, CA). Briefly, probes were 
synthesized by T7 RNA polymerase with incorporation of a- :12 P-UTP. Total 
RNA (5 u,g) was treated overnight with synthesized probes (specific activity: 
800 Ci • mmol/1) at 56°C, followed by treatment with RNase A (80 ^g/ml) and 
Tl (250 units/ml) for 45 min at 30°C. The murine L32 and glyceraldehyde-3- 
phospliate dehydrogenase riboprobes were used as controls. Protected frag- 
ments were submitted for electrophoresis through a 7.0 mol/1 urea/5% 
polyacrylamide gel and then exposed to Kodak X-omat film for 72 h. 
Statistical analysis. Statistical significance was assessed by Student's I test 
or Kaplan-Meier log-rank test P < 0.05 was considered statistically significant. 

RESULTS 

NF-kB ODN inhibits NF-kB DNA binding in DCs. 

Nuclear proteins extracted from DCs propagated from 
bone mairow of NOD mice in the absence or presence of 
NF-kB ODN was assessed for NF-kB DNA binding by 
EMSA Specificity of NF-kB binding was demonstrated by 
utilizing the consensus NF-kB probe and unlabeled NF-kB 
probe (cold probe) as a competitor. As shown in Fig. 1, the 
NF-kB band was detected by radiolabeled NF-kB consen- 
sus sequence-specific probe in DCs without exposure to 
NF-kB ODN (lane 3). NF-kB binding capacity was en- 
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FIG. 2. Inhibition of costimulatory molecule expression on DCs by NF-kB ODN. DCs were propagated from bone marrow of NOD mice in GM-CSF 
and IL-4 with or without NF-kB ODN (10 umol/J). For further activation, DCs were exposed to LPS (2 p.g/ml) for the last 18 h. Expression of CD40, 
CD80, CD86, MHC, and CDllc was determined by flow cytometric analysis following mAb staining. Open profiles in dashed lines are isotype 
controls. A: NF-kB ODN markedly suppressed expression of costimulatory molecules, but not MHC and CDllc, on DCs. B: LPS significantly 
augmented CD40, CD80, and CD86 expression in normal DC, while expression of CD40, CD80, and CD86 remained at low levels on NF-kB ODN 
DC despite LPS stimulation. The data are representative of three separate experiments. 



hanced by DC stimulation with LPS (lane 4). The NF-kB 
band disappeared when excess unlabeled probe was 
added as a competitor for the radiolabeled probe in the 
binding reaction (lane 2). NF-kB ODN almost totally 
blocked NF-kB binding activity in DCs (lane 5). LPS 
stimulation did not reverse inhibited NF-kB DNA binding 
capacity by NF-kB ODN (lane 6). These data clearly 
indicate that treatment with NF-kB ODN effectively and 
stably inhibits NF-kB DNA binding capacity in DCs derived 
from NOD mice. 

NF-kB ODN prevents phenotypical maturation of 
DCs. Normal DCs propagated from the bone marrow of 
NOD mice in GM-CSF and IL-4 expressed high levels of 
MHC and costimulatory molecules, as determined by flow 
cytometric analysis. NF-kB ODN markedly suppressed 
surface expression of costimulatory molecules, including 



CD40, CD80, and CD86 on DCs, but the expression of MHC 
and DC-restricted marker CDllc was not affected (Fig. 
2A). MHC and DC-restricted proteins are known to be 
required for induction of antigen-specific hyporesponsive- 
ness (26). Since LPS-induced DC activation that results in 
upregulation of CD80, CD86, IL-12, and inducible nitric 
oxide synthase (iNOS) gene expression is NF-kB depen- 
dent (27-29), we examined whether NF-kB ODN decoys 
prevented LPS-stimulated DC activation. Following expo- 
sure to LPS (18 h), there was a significant upregulation in 
surface expression of CD40, CD80, and CD86 on DCs. 
Exposure to NF-kB ODN kept CD40, CD80, and CD86 
expression at low levels on DCs, even in the presence of 
LPS stimulation (Fig. 2H). This indicates that competitive 
inhibition of NF-kB DNA binding by NF-kB ODN prevents 
DC phenotypic maturation, regardless of the presence of 
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FIG. 3. NF-kB ODN inhibits cytokine and nitric oxide (NO) production 
by DCs. DCs (5 x lOVml) were propagated from bone marrow of NOD 
mice with GM-CSF and H.-4 in the absence (DC) or presence of NF-kB 
ODN (10 jimoJ/1) (NF-kB ODN DC) for 5 days. For farther activation, 
they were exposed to LPS (2 u.g/ml) for the last 18 h.A: The levels of 
IL-12, IL-10, and IFN-7 in DC culture supernatants were measured by 
ELISA, and nitric oxide levels were determined by a colorimetric assay 
based on the Griess reaction. Results from triplicate experiments are 
expressed as means ± SD (in pg/ml for cytokines and u.mol/1 for nitric 
oxide). Differences of cytokine and nitric oxide production by DCs and 
NF-kB ODN DCs were significant (J° < 0.05 for IL-12 and P < 0.01 for 
IL-10, IFN-7, and nitric oxide).!?: mRNA expression of IL-12. IFN-7 was 
determined by RNase protection assay. Results are representative of 
three separate experiments. 



the promaturation LPS signal. Therefore, this inhibition is 
more profound than the inhibition by suppressive cyto- 
kines, such as TGF-0, which is easily surmounted by the 
addition of stimuli, such as allogeneic T-cells or LPS (26). 
Effect of NF-kB ODN on DC cytokine profile. NF-kB 
activation promotes transcription of a number of cyto- 
kines, as well as iNOS (27,30). Cytokines produced by DCs 
provide an important signal for T-cell proliferation, differ- 
entiation, and survival. DCs propagated from NOD mice 
without LPS stimulation produced very low levels of 
cytokines and nitric oxide (data not shown). LPS stimula- 
tion triggered increased DC production of IL-12 (p70), 
IFN-7, IL-10, and nitric oxide by DC. In contrast, no WN-y 
and low levels of IL-12 (p70), IL-10, and nitric oxide were 
detected in the supernatant of NF-kB ODN DCs with LPS 
stimulation (Fig. 3A). Nitric oxide production is NF-kB 
dependent; therefore, the diminished nitric oxide produc- 
tion in NF-kB ODN DCs was an indication of NF-kB 
inhibition (29). Consistently, expression of both IL-12 p35, 
p40, and modest expression of IFN-'y mRNA were shown 
in non-ODN-treated DCs, but none of these cytokines 
were detected in NF-kB ODN DCs. LPS stimulation slightly 
restored expression of IL-12 p40 and IFN-7 in NF-kB ODN 
DCs, but not IL-12 p35. Expression of IL-la or -p, the IL-1 
receptor, and TNF-a or -p in DCs was not suppressed by 
treatment with NF-kB ODN, indicating that blocking 



NF-kB has a minimal effect on the expression of these 
monokines. 

NF-kB ODN inhibits immune stimulatory activity of 
DCs. The effect of ODN treatment on DC allostimulatory 
activity was examined in a one-way mixed leukocyte 
reaction (MLR) assay. Figure 44 demonstrates that DCs 
propagated from NOD mice (H2 g7 ) stimulated strong pro- 
liferative responses in T-cells isolated from C3H (H2 k ) 
spleen. The DC allostimulatory activity was significantly 
augmented by LPS stimulation. Nevertheless, the T-cell 
proliferative responses stimulated by NF-kB ODN DCs 
were markedly suppressed. This inhibition was not re- 
versed by LPS stimulation, indicating the persistent effect 
of NF-kB ODN. We next assessed the effect of NF-kB ODN 
on the capacity of DCs to present autoantigens. T-cells 
from NOD mice were cultured with irradiated NOD DCs 
pulsed with NOD islet lysate, which provided the relevant 
autoantigen(s). As shown in Fig. 4J5, without NF-kB ODN 
treatment, DCs pulsed with islet antigens effectively stim- 
ulated T-cell proliferation, while the autostimulatory activ- 
ity of NF-kB ODN DCs was significantly suppressed. These 
data clearly indicate that consistent with the influence of 
NF-kB ODN on DC surface molecule expression, the in 
vitro immune stimulatory activity of NF-kB ODN DCs is 
also significantly suppressed. 
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FIG. 4. Inhibition of DC immune stimulatory activity by NF-kB ODN. DCs were propagated from bone marrow of NOD mice with GM-CSF and IL-4 
in the absence (DC) or presence of NF-kB ODN (10 u.mol/1) (NF-kB ODN DC). For further activation, DCs were exposed to LPS (2 jxg/ml) for the 
last 18 h.A: C3H (H2 k ) splenic T-cells (2 x 10 5 ) were cultured with 7-irradiated DCs propagated from NOD mice (H2 R? ) at graded concentrations 
for 3 days. Incorporation of ( 8 H3TdR into DNA demonstrated that LPS stimulation augmented DC alios timulatory function (P < 0.05, a vs. b at 
2 x 10 4 stimulators), while NF-kB ODN inhibited DC allostimulatory activity (P < 0.05, a vs. c at 2 x 10 4 stimulators; P < 0.01, b vs. d at both 
2 x 10 4 and 1 x 10 4 stimulators), which was irreversible by LPS (P > 0.05, c vs. d at all stimulator: responder ratios). Spleen cells from C3H and 
NOD mice were used as control stimulators. B: Spleen T-cells (2 x 10 5 ) of NOD mice were cultured for 5 days with 7-irradiated DCs propagated 
from NOD mice pulsed with or without islet lysate from NOD mice. DCs pulsed with islet antigens induced substantial T-cell proliferative 
responses (P < 0.01, c vs. d at both 1 x 10 3 and 2 x 10 5 stimulators), which was significantly reduced by treatment of DCs with NF-kB ODN (P < 
0.01, b vs. d at both 1 x 10 3 and 2 x 10 s stimulators). The results are expressed as counts per minute (cpm) (means ± SD) and are representative 
of three separate experiments. 



Administration of NF-kB ODN DCs inhibits develop- 
ment of diabetes. Our net effort was directed toward 
assessing preventive effects of administration of NF-kB 
ODN DCs on type 1 diabetes. Female NOD mice sponta- 
neously developed pathological insulitis, which was evi- 
dent at 6-8 weeks of age with peri-islet infiltration 
followed by a progressive destruction of pancreatic 
P-cells. Histological examination revealed that the insulitis 
score increased from 2.18 ± 1.25 at 12 weeks of age to 
4.0 ± 0 at 20 weeks of age, with 88% of the mice developing 
destructive insulitis and diabetes by the age of 20 weeks 
(Fig. 5,4 and (7). The early inflammatory changes as a result 
of peri-insulitis were characterized by infiltration of mac- 
rophages (CDllb 4 ) and DCs (CDllc'). After 12 weeks of 
age, CD4 + T-cells were the predominant population of the 
infiltrates, accompanied by increased numbers of macro- 
phages and DCs mixed with CD8 + T-cells (Fig. 5Z>). NOD 
mice were treated at 6-7 weeks of age with a single 
intravenous injection of 2 X 10 6 NF-kB ODN DCs propa- 
gated from bone marrow from NOD mice. Three control 
groups of age-matched NOD mice included administration 
of normal DCs, control ODN DCs, and none. A single 
intravenous administration of NF-kB ODN DCs protected 
70% of NOD mice from the development of diabetes up to 
the age of 38 weeks (Fig. 5A). Injection of normal DCs 
could protect —30% of the mice from developing of 
diabetes by the age of 38 weeks, instead of accelerating the 
progression of disease. Similar findings reported by other 
investigators (31) show that normal mature DCs propa- 
gated from NOD bone marrow have a slight effect on 
diabetes protection in NOD mice. The diabetes incidence 
in the control ODN-DC treatment group is similar to that in 
the normal DC treatment group (Fig. 5A). The insulitis and 
islet infiltrates were histologically examined. As demon- 
strated in Fig. 5J5, the severity of histological insulitis was 
markedly diminished with substantial reduction in peri- 
and intra-islet infiltration at 30 weeks of age in mice 



treated with NF-kB ODN DCs compared with that of 
non-DC-treated mice at as early as 12 weeks of age. The 
pancreata from three mice in each group were scored for 
insulitis as described in research design and methods. The 
insulitis score in the NF-kB ODN DC group was signifi- 
cantly lower than that in the non-DC and normal DC 
treatment groups (Fig. 5C). Compared with the non-DC 
treatment group, CDllb + macrophages and CD8 + T-cells 
were significantly reduced in the subcapsular areas in 
NF-kB ODN DC-treated mice, while CD4"'" T-cells were 
markedly increased (Fig. 52)). Administration of NF-kB 
ODN DC pulsed in vitro with islet lysates did not further 
improve the ability of these cells to prevent disease (data 
not shown). This may implicate that process of in vivo 
existing antigens by adoptively transferred NF-kB ODN 
DCs is sufficient to prevent diabetes. 



TABLE 1 

IL-2 and IFN-7 levels in supernatants from MLR cultures. 



Treat- 
ment 


Ag~ 


Ag + 


IL-2 IFN-7 


IL-2 IFN^ 


None 


22.3 ± 7.6 ND 


5.5 ± 7.8 9.2 ± 0.2 


DC 


103.8 ± 4.7 520.5 ± 28.2 


97.7 ± 4.74,000 ±0 


NF-kB DC 


0.16 ±0.22* NDt 


ND$ ND§ 



Data are mean cpm ± 1 SD and are representative of three separate 
experiments. Responders: T-cells (2 X 10 3 ) purified from mesenteric 
lymph nodes of NOD mice 4 weeks after intravenous administration 
of DCs (2 X 10 6 ) that were propagated from bone marrow of NOD 
mice in the absence or presence of NF-kB ODN (10 u.mol/1). T-cells 
from NOD mice without DC treatment were used as controls. 
Stimulators: 7-irradiated DCs propagated from NOD mice bone 
marrow that were pulsed with islet antigens from NOD mice in vitro 
(Ag + ) or not pulsed with antigens (Ag~). Responders were cultured 
for 5 days with stimulator at an stimulatonresponder ratio of 1:10. 
Cytokine levels in the culture supernatants were determined by 
ELISA. *P < 0.05 vs. none, P < 0.01 vs. DCs; IP > 0.05 vs. none, P < 
0.01 vs. DCs; tP > 0.05 vs. none, P < 0.01 vs. DCs; §P < 0.01 vs. none, 
P < 0.01 vs. DCs. ND, not detectable. 
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Administration of NF-kB ODN DCs induces T-cell 
hyporesponsiveness to islet antigens. To examine the 
effect of NF-kB ODN DC administration on T-cell re- 
sponses in vivo, lymphocytes isolated from NOD spleen or 
mesenteric lymph nodes 4 weeks after DC treatment were 
assessed for T-cell proliferative responses to islet lysate in 
MLR where NOD DCs pulsed with pancreatic islet lysate 
were stimulators. T-cells from mice treated with normal 
DCs developed a strong proliferative response to islet 
antigens (Fig. 6), which was associated with increased 
production of IFN-7 and ILr2 (Table 1), reflecting a bias 
toward a T-helper 1 response. In contrast, T-cells from the 
NF-kB ODN DC-treated group exhibited low proliferation, 
along with decreased production of IFN--y and IL-2 on in 
vitro restimulation (Fig. 6 and Table 1). Low levels of IL-4 



FIG. 5. Systemic administration of NF-kB 
ODN DCs prevents diabetes development 
in NOD mice. NOD mice were injected in- 
travenously at 6-7 weeks of age with 2 x 
10* DCs propagated from NOD bone mar- 
row with GM-CSF and IL-4 in the presence 
of NF-kB ODN (NF-kB ODN DC, n = 17) or 
control ODN (control ODN DC, n ~ 8) or in 
the absence of ODN (DC, n = 15). Mice 
without DC treatment (none, n = 15) were 
also used as control subjects. A: Without 
DC treatment, 88% of the mice developed 
diabetes at the age of 33 weeks. The diabe- 
tes incidence in the control ODN-DC treat- 
ment group is similar to the non-ODN- 
treated DC group, showing modestly 
prevented diabetes development. Adminis- 
tration of NF-kB ODN DCs markedly re- 
duced development of diabetes (P < 0.01, 
compared with either non-ODN DC or con- 
trol ODN DC group). B: Histology of pan- 
creatic islets (hematoxylin and eosin) from 
NOD mice treated with NF-kB ODN DC at 
30 weeks of age revealed very minimal 
insulitis, and untreated NOD mice devel- 
oped severe insulitis as early as 12 weeks 
of age (magnification x400). C: Three mice 
in each group were scored (50 islets per 
mouse) for insulitis, as described in re- 
search design and methods, indicating that 
insulitis was significantly less severe in 
mice treated with NF-kB ODN DCs than 
those treated with normal DCs or without 
DC treatment (both P < 0.05). D: Cryostat 
sections of pancreata were stained with 
anti-CD4, -CD8, -CDllc, or -CDllb mAbs 
(magnification x200). The pictures are 
representative of three separated experi- 
ments. For quantitation, 30 high-power 
fields (hpf) of islet subcapsular areas in 
each mouse were randomly selected and 
counted for staining positive cells. The 
data were collected from three mice in each 
group and are presented as positive cell 
numbers/hpf (±1 SD). 

and IL-10 were detectable in all groups of mice (data not 
shown). These results suggest that NF-kB ODN DCs elicit 
hyporesponsiveness of autoreactive T-cells in NOD mice, 
partly by suppression of T-helper 1 responses. 



DISCUSSION 

We demonstrate in this study that administration of syn- 
geneic bone marrow- derived DCs, in which NF-kB activ- 
ity is blocked by a designed decoy ODN, effectively 
prevents development of diabetes in NOD mice. At 38 
weeks of age, 70% of the mice were rendered normogly- 
cemic by one mjection of NF-kB ODN DCs. This was 
associated with markedly inhibited autoreactive T-cell 
responses and T-helper 1 responses (Fig. 3). It is unlikely 
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that the suppressed T-cell responses by NF-kB ODN DCs DCs by determining the viability of DC using dye exclu- 
are a consequence of ODN toxicity. We have previously sion, as well as quantitative measurement of apoptosis 
determined the "safety window" for ODN incorporation in with transferase-mediated dUTP nick-end labeling 
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FIG. 6. Administration of NF-kB ODN DCs to NOD mice induces 
T-cell hyporesponsiveness to islet antigens. In a 4-day MLR 
assay, T-cells (2 x 10 3 ) purified from mesenteric lymph nodes of 
NOD mice that had received, at 6-7 weeks of age, 2 x 10° DCs 
intravenously were used as responders. y-Irradiated DCs that 
were propagated from bone marrow of NOD mice with GM-CSF 
and IL-4 pulsed with islet lysates were used as stimulators. The 
results are expressed as counts per minute (cpm) (means ± 1 
SD) and are representative of three separate experiments. 
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(TUNEL) staining. Using FITC-conjugated NF-kB ODN, we 
observed that DCs effectively incorporated ODN and sur- 
vived for as long as untreated DCs. DCs treated with 
control ODN stimulated a strong allogeneic MLR (19). We 
did not observe a reduction in DC number following 
NF-kB ODN treatment at 10 mmol/1 in the present study. 
These results indicate that exposure of DCs to 10 mmol/1 
NF-kB ODN yielded a satisfactory suppressive effect with 
minimal toxicity. 

The results of this study coincide with the view that type 
1 diabetes is initiated by autoreactive T-cell responses 
toward self-antigens. Indeed, T-cells from the NOD mice 
displayed abnormally high reactivity to self-proteins (32) 
and T-helper 1 responses to the autoantigens (33,34). 
Activation of APCs, including DCs, and subsequent migra- 
tion from nonlymphoid tissues to regional lymph nodes 
are primary events elicited during inflammatory processes 
and are critical for the generation of cellular responses 
against self-antigens in type 1 diabetes (35). This was first 
suggested by the fact that adoptive transfer of DCs pulsed 
with a self-antigen expressed in islet p-cells, using trans- 
gene technology, activated the antigen-specific cytotoxic 
T-lymphocytes (CTLs) and promoted development of au- 
toimmune diabetes, indicating that autoreactive CTL stim- 
ulation by enhanced DC antigen-presentation function is 
an important prerequisite for the progression of diabetes 
(36). DCs are also an important source of TNF-a in islet 
infiltrates during the early developmental stages of diabe- 
tes, which may contribute to p-cell destruction (10). The 
functional defects of DCs in NOD mice were correlated 
with significantly enhanced activity of NF-kB (11,18). 
Signaling by members of the TNF-a receptor family, such 
as CD40 and receptor activator of NF-kB (RANK), or LPS 
results in activation of NF-kB in DCs, leading to upregu- 
lation of costimulatory molecule expression and enhance- 
ment of IL-12 production (11). The association of 
immunogenic DC activity and p-cell destruction in NOD 
mice suggests that certain p-cell antigens are processed by 
the immunogenic DCs, resulting in the delivery of a signal 
that stimulates the autoimmune responses that lead to 
islet cell destruction. Therefore, it has been recently 
proposed (21) that an imbalance favoring development of 
the immunogenic DCs may predispose NOD mice to the 
development of autoimmune diabetes. The prevention of 
diabetes development in NOD mice by administration of 
NF-kB ODN-treated DCs at a prediabetic stage (6 weeks), 
as shown in this study, may reflect a consequence of the 
restoration of the balance between immunogenic and 
tolerogenic DC function, in which hyporesponsiveness of 
antigen-specific T-cells via the inhibition of T-helper 1 
differentiation results. These results are consistent with 
the reports of other investigators in which immature DCs 
used as therapeutic vectors or adjuvants diminished or 
regulated autoimmune responses in type 1 diabetes (31). 

Although the effect of immature DC administration on 
regulating immune responses has previously been demon- 
strated in other experimental models (31), approaches to 
generating DCs in a stable immature state remain to be 
developed. Immature DCs were initially obtained for inhi- 
bition of maturation in culture by using inhibitory cyto- 
kines, such as transforming growth factor-p. In an allograft 
transplantation model, administration of these cytokine- 



induced immature DCs induced donor-specific hypore- 
sponsiveness and prolonged allograft survival (37). 
However, the immunosuppressive effect of these imma- 
ture DCs is limited due to late activation following in vivo 
contact with inflammatory cytokines or activated T-cells 
(26). Genetically engineering DCs to express "designer" 
immunosuppressive molecules, such as ILrlO, TGF-p, 
CTLA4Ig, or Fas ligand, in order to enhance tolerogenicity, 
has been explored. Adenoviral vectors can efficiently 
deliver the transgenes into DCs, but transgene expression 
is surmounted by the vigorous upregulation of costimula- 
tory molecules on DCs by stimulation of the viral vectors 
themselves (38,39). Blockade of NF-kB binding to inhibit 
DC maturation is a new approach that is attracting exten- 
sive attention. NF-kB activation can be inhibited at each 
step by pharmacological agents, including glucocorticoid- 
dependent upregulation of IkB, Cyclosporine A-depen- 
dent calcineurin inhibition, and deoxyspergualin- 
dependent inhibition of nuclear translocation (40). The 
therapeutic use of these agents is, however, limited by 
weak NF-kB inhibition. The NF-kB ODN decoys used in 
this study effectively inhibit both phenotypic and func- 
tional maturation in DCs. NF-kB ODN not only inhibits, 
but also resists, the maturation of DCs in response to LPS 
stimulation, thus indicating a stable immature state. More- 
over, NF-kB ODN selectively suppresses expression of 
costimulatory molecules without affecting the DC-re- 
stricted marker CD 11c and MHC expression, both of 
which are known to be required for DCs in the induction of 
antigen-specific tolerance (26). Suppression of IL-12 pro- 
duction by NF-kB ODN DCs may contribute to the thera- 
peutic efficacy of these modified DCs because the islet- 
infiltrating T-cells in NOD mice expressed high T-helper 1 
(IFN-7 and IL-2) and T-helper 1-related cytokines (ILrl2) 
(23,33,41,42) and treatment with anti-ILrl2 mAb sup- 
presses T-helper 1- dependent islet destruction (43). 

The reduction in intra-islet infiltration of macrophages, 
DCs, and CD8* T-cells in NOD mice treated with NF-kB 
ODN DCs suggests that the inhibition may involve both 
afferent and efferent arms of the immune system. It is 
unlikely that the decreases in effector CD8 + infiltrates are 
due to a lack of immune stimulation, since significant 
CD4 + infiltrates were observed following treatment with 
NF-kB ODN DCs. The enhanced CD4 + T-cell infiltration by 
NF-kB ODN DC treatment was unexpected, as earlier 
results demonstrated that CD4 H T-cells contributed to 
insulitis development and transfer of CD4 + islet-specific 
T-cells into NOD mice accelerated diabetes onset (44). The 
difficulty in isolating sufficient cells from islets prevented 
us from further characterizing the CD4"* infiltrates. How- 
ever, T-cells from the lymph nodes of NF-kB ODN DC- 
treated NOD mice secreted low IFN-7 and IL-2 when 
restimulated in vitro by islet antigens in vitro, suggesting 
the downregulation of T-helper 1 differentiation. Immature 
DCs have also been reported (6) to promote differentiation 
of T regulatory cells. The CD4 + T-cells in the islets of 
nondiabetic mice treated with NF-kB ODN DCs may 
implicate the presence of a regulatory population with 
immunosuppressive properties (45-49). 

Interestingly, despite the untreated mature phenotype 
and stimulatory function of mature DC propagated from 
NOD bone marrow in the presence of GM-CSF and ELr4 in 
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vitro, a single injection of them modestly reduced the 
incidence of diabetes in NOD mice (Fig. 5) rather than 
accelerated disease development. Other investigators have 
reported similar observations (31). These data are in 
contrast to those observed in our allograft transplant 
model, in which the administration of mature donor- 
derived DC exacerbates graft rejection (37). The disparate 
outcome may result from dhTerent antigens and the way 
the antigens are being presented. In NOD mice, the admin- 
istered mature DCs process and indirectly present autoan- 
tigens to T-cells in vivo, thereby leading to a regulatory 
T-helper 2 response (50). Another possibility is that in 
NOD mice, the mature DCs may act like BCG or complete 
Freund's adjuvant to nonspecifically inhibit T-cell re- 
sponses to islet antigens since the DC culture medium 
contains antigens, such as fetal bovine serum. 

In summary, our data suggest that NF-kB ODN effec- 
tively inhibits the maturation/activation of DCs propagated 
from NOD mice. Compared with mature DCs, administra- 
tion of DCs with suppressed NF-kB DNA binding activity 
can more effectively prevent diabetes development and 
induce diabetogenic T-cell hyporesponsiveness in NOD 
mice. This strategy may be utilized for selective prevention 
or therapy for human autoimmune diseases, including type 
1 diabetes. 
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Summary 

T cells play a major role in the development of insulin-dependent diabetes mellitus (IDDM) 
in nonobese diabetic (NOD) mice. Administration of interleukin 12 (IL-12), a key cytokine which 
guides the development of T helper type 1 (Thl) CD4 + " T cells, induces rapid onset of IDDM 
in NOD, but not in BALB/c mice. Histologically, IL-12 administration induces massive infiltration 
of lymphoid cells, mostly T cells, in the pancreatic islets of NOD mice. CD4 + pancreas- 
infiltrating T cells, after activation by insolubilized anti T cell receptor antibody, secrete high 
_ Jeyels of in terferpn y and low levels of IL-4. Therefore, IL-12 administration accelerates IDDM 
development in genetically susceptible NOD mice, and this correlates with increased Thl cytokine 
production by islet-infiltrating cells. These results hold implications for the pathogenesis, and 
possibly for the therapy of EDDM and of other Thl cell-mediated autoimmune diseases. 



Based on the repertoire of lymphokine production, mouse 
(1) and human (2) CD4 + T cells can be subdivided into 
two subsets, Thl and Th2, characterized by secretion of IFN-7 
and IL-4, respectively. The generation of Thl and Th2 subsets 
is influenced by the cytokines present during the initial phase 
of the immune response, and a major role is played by IL-12 
and IL-4 (3, 4). IL-12, a heterodimeric cytokine (5, 6) pro- 
duced by activated monocytes and B cells (7), promotes Thl 
cell development. It also enhances proliferation and cytolytic 
activity of NK and T cells (8), and stimulates production 
of IFN-7 by these cell types (9). IFN-7 appears to play a 
role in the development of insulin-dependent diabetes mel- 
litus (IDDM), as demonstrated by the prevention of disease 
by administration of anti-IFN-7 mAb to nonobese diabetic 
(NOD) mice (10, 11), or by IDDM induction in mice ex- 
pressing genes encoding IFN-7 under the control of the in- 
sulin promoter (12). It has been proposed that the patholog- 
ical immune response of NOD mice to islet j8 cells is initiated 
by CD4 + T cells that recognize glutamic acid decarboxy- 
lase (13, 14), and splenic CD4+ T cells from NOD mice se- 
crete IFN-7 when stimulated with this enzyme (13). Con- 
versely, the Th2-derived lymphokines IL-4 and IL-10 appear 
to inhibit progression to IDDM in NOD mice (15-17). These 
findings suggest that T cells that recognize pancreatic /J cell 
antigens cause IDDM only if they develop into Thl cells. 

To test this assumption, we treated prediabetic NOD mice 
with IL-12, which has been shown to induce the develop- 
ment of IFN-7-producing Thl cells in vitro (18, 19) and 



in vivo (20). Results in the present paper demonstrate that 
administration of IL-12 to prediabetic NOD female mice in- 
duces rapid onset of IDDM. This is associated with enhanced 
production of Thl-type cytokines by islet-infiltrating lym- 
phocytes, and with selective destruction of islet j3 cells. 

Materials and Methods 

Mice. 10-wk-old female BALB/c mice were obtained from 
Charles River (Calco, Italy). NOD/Lt mice from The Jackson Lab- 
oratory (Bar Harbor, ME) were bred and kept in conventional 
housing conditions in our animal facility. Mice were diagnosed di- 
abetic after two sequential measurements of blood glucose levels 
>200 mg/dl. The incidence of IDDM in NOD female mice from 
our colony was ~60%. 

Recombinant Mouse IL-12. Recombinant mouse IL-12 was pro- 
duced in serum-free medium by transfected CHO cells and purified 
by sequential chromatography, as described (21). The IL-12 used 
in this study was >95% pure, as assessed by SDS-PAGE analysis, 
and the endotoxin content was <5 endotoxin U/mg IL-12, as de- 
termined by the Limulus amebocyte assay. IL-12 was diluted in PBS 
containing 1% syngenic mouse serum or 100 ng/val mouse serum 
albumin (Sigma Chemical Co., St. Louis, MO) and injected in- 
traperitoneally in a 0.2-ml volume. IL-12 has a half-life in mice 
of ~5 h (Gately, M., and R. Nadeau, unpublished observations). 

Isolation of Pancreas-infiltrating Cells. Individual pancreata were 
perfused with PBS. After removal of all visible pancreatic lymph 
nodes, the pancreata were digested in HBSS containing 5 mg/ml 
collagenase IV and 2.5 mg/ml DNase (Sigma Chemical Co.), by 
shaking (200 rpm) at 37°C for 12 min. Single cell suspensions were 



817 - J. Exp. Med. © The Rockefeller University Press • 0022-1007/95/02/0817/05 $2.00 
Volume 181 February 1995 817-821 



collected after diluting the enzymes with ice-cold HBSS containing 
5% FCS and removal of the aggregates by settling 5 min on ice. 
Aggregates were further digested with collagenase IV (2.5 mg/ml) 
and DNase (1.25 mg/ml) for 5 min. Single cell suspensions from 
three to four mice were pooled, washed three times, and CD4 + 
and CD8 + cells were sorted by positive selection on Mini-MACS® 
(Miltenyi Biotec Inc., Sunnyvale, CA). The mean number of 
CD4* and CDS* cells recovered per pancreas in three separate ex- 
periments was, respectively, 51 and 20 x 10 4 for vehicle-injected 
mice, 82 and 66 x 10 4 for IL-12~treated littermates. 

Induction of Lymphokine Production. CD4* and CD8+ cells 
were cultured (2.5 x 10 5 cells/well) in 96-well round bottom 
plates coated with 5 fig/ml anti-TCR mAb (American Type Cul- 
ture Collection [AICC] HB 218; Rockville, MD) in serum-free 
HL-1 medium (Ventrex Laboratories, Portland, ME) supplemented 
with 2 mM L-glutamine and 50 jig/ml gentamicin (Sigma Chem- 
ical Co.). Supernatants were collected after 48 h of culture. Sera 
were collected ~15 h after the last IL-12 injection and assayed for 
ELISA for circulating IFN-7. 

Immunohistobgy For hematoxylin and eosin staining, pancreata 
were fixed in 10% formalin and embedded in paraffin. For im- 
munoperoxidase staining, pancreata were snap-frozen in Tissue-Tek 
(Miles Laboratories Inc., Elkhart, IN), and consecutive 5 /im sec- 
tions stained for 45 min with rabbit antt-glucagon and mouse 
anti-insulin antibodies (Ortho Diagnostic Systems, Raritan, NJ). 
After washing, sections were mcubated for 30 min with secondary 
antibodies conjugated to horseradish peroxidase, which was visual- 
ized using 3 amino-9 ethyl-carbazole (AEC, Sigma Chemical Co.) 
as chromogen and hematoxylin as counterstain. In addition, pan- 
creas cryostat sections were stained by biotinylated mAb directed 
against CD4, CD8, B220 (PharMingen, San Diego, CA), pl50/90 
leucocyte 02 integrin (N418, AICC), and I-A' 7 (10.3.62, AICC), 
followed by stxeptavidin-peroxidase conjugate. AEC was used as 
a chromogen and hematoxylin as a counterstain. 

Cytokine Assays. IFN-y and IL-4 concentrations were deter- 
mined by ELISA using, respectively, mAb AN-18.17.24 (22) or 
BVD4-1D11 (PharMingen) for capture, and peroxidase-conjugated 
XMG1.2 (23) or biotinylated BVD6-24G2 (PharMingen) followed 
by avidin-peroxidase (Sigma Chemical Co.) for detection. The sub- 
strate was 3,3'-5,5'-tetMethylben2idine (Fluka Chemie AG, Buchs, 
Switzerland). Dilutions of culture supernatant or serum were as- 
sayed in the linear portion of the dose-response curve. Standard 
curves were generated in each assay using purified recombinant 
mouse IFN-7 or IL-4. 
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Figure 2, Insulins is observed in NOD but not in BALB/c mice after 
administration of 1142.- Islets from a 10-wk-old BALB/c mouse after 32 
injections of IL-12 are intact (4). In contrast, islets from a lOwk-old NOD 
mouse after 20 injections of IL-12 show a severe mononuclear cell infiltra- 
tion (£). x250. 



Results and Discussion 

Administration of recombinant mouse IL-12 to 8-10-wk-old 
prediabetic NOD female mice induced rapid onset of IDDM 
(Fig. 1). Overt diabetes began after about 10 IL-12 injections, 
and after 30 injections it was present in 100% of the mice. 
The same treatment did not induce IDDM in BALB/c mice. 
In the NOD female littermates injected with vehicle only 
(PBS-1% normal NOD serum), IDDM began only at 15 wk 
of age, and by week 40, hyperglycemia was present in 55% 
of the mice. 

Histological analysis of pancreatic sections revealed insu- 
litis in NOD mice injected with IL-12, but not in BALB/c 
mice, even after 32 injections of IL-12 (Kg. 2). The normal 
appearance of pancreatic islets and the absence of IDDM in 
BALB/c mice indicates a lack of direct toxic effects of IL-12 
administration on islet (3 cells in vivo. Quantification of islet 
infiltrates showed a higher score in NOD mice injected with 
IL-12 as compared with those injected with vehicle only (not 



Figure 1. Acceleration of IDDM onset by uV12 administration to NOD 
mice. 10 female NOD/Lt prediabetic mice (8-10 wk old, randomized from 
four different litters) were injected daily with 03 fig i.p. recombinant mouse 
IL-12 for the first 7 d, then with 0.15 fig for the following 24 d (•), or 
with vehicle (PBS containing 1% NOD serum) only (O). As control, 
10 BALB/c female mice (10 wk old) received the same 11/12 treatment 
(A). Four other independent experiments, performed with 10-14-wk-old 
NOD females injected with 0,15 ug IL-12 daily, gave similar results, IDDM 
onset starting after 5-10 IL-12 injections. 
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Figure 3. Selective loss of islet cells 
in NOD mice injected with IL-12. Pan- 
creas from a 10-wk-old NOD female 
mouse injected 14 times with vehicle 
only displays insulins, but glucagon- (A) 
and insulin- (B) containing islet cells are 
well represented. In contrast, the NOD 
littermate injected 14 times with IL-12 
(0.15 /ig/day) had disorganized but rel- 
atively normal numbers of glucagon- 
containing cells (C), whereas insulin- 
containing cells (D) are absent. The 
latter finding correlates with hyper- 
glycemia (>500 mg/dl) at the time of 
pancreas removal. x400. 






Figure 4. Immuno staining of pan- 
creas-infiltrating cells in NOD mice in- 
jected with IL-12. Massive infiltration 
containing high numbers of CD4+ 
(A), and CD8* (B) T cells is observed 
in the pancreas from a 10 wk-old NOD 
female injected 14 times with H?12 (0.15 
/xg/day). An infiltrated islet from this 
mouse shows abundant B220+ (D), 
class II + (£) and N418 + (f) cells. 
N418* cells are also present in the exo- 
crine pancreas (C). A-Q x200; D-F, 
x400. 
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Table 1. Production of IFN-y and IL-4 by Pancreas-infiltrating CD4+ or CD8 + T Cells from NOD Mice 



IFN-7 IL4 

Pancreas-infiltrating cells Pancreas-infiltrating cells 

Serum CD4 + CD8 + CD4+ CD8 + 

Day 7 Day 14 - a-TCR - a-TCR - a-TCR . — a-TCR 



Vehicle <5 <5 <15 9,241 <15 9,200 148 2,268 50 107 

IL12 303 125 <15 37,226 <15 17,721 59 471 <15 <15 



Pancreas-infiltrating CD4 + or CD8* cells from 9-wk old NOD mice injected with IL-12 (0.15 /ig/mouse/d for 13-14 d) or with vehicle only were 
stimulated with insolubilized anti-TCR mAb (5 pg/ml). After 48 h of culture, IFN-7 and IL4 production (pg/ml) were quantified by ELISA. Sera 
were assayed by ELISA for circulating IFN-7 (pg/ml). Results are means of two to four experiments. 



shown). IL-12-treated mice had profoundly reduced numbers 
of insulin-secreting f} cells, whereas glucagon-producing cells 
were not afTected (Fig. 3). These results demonstrate that the 
diabetes induced by IL-12 administration is of an autoim- 
mune nature, selectively destroying insulin-producing jS cells. 
Surface markers of pancreas-infiltrating cells were analyzed 
by immunohistochemistry and representative sections from 
IL-12-injected NOD mice are shown in Fig. 4. Islet infiltrates 
are dominated by CD4 + and CD8 + T cells and tend to ex- 
tend into the exocrine pancreas (A and B). IL-12 administra- 
tion induces an increase in the number of CD4 + cells, and 
a marked increase of CD8 + cells (see Materials and Methods). 
The infiltrates contain class II + cells (E) which include B 
cells (D) and N418 + cells (F). The latter cells are abundant 
also in the exocrine pancreas (C). The N418 antibody recog- 
nizes CDllc, an integrin expressed on dendritic cells and at 
a low level on macrophages in normal lymphoid tissues (24). 
Thus, all the cell types necessary for an immune response 
are present in the islets of IL-12-treated mice. 

To determine whether IL-12 administration induces Thl 
cells we tested IFN-7 and IL-4 production by islet-infiltrating 
T cells after stimulation by insolubilized anti-TCR mAb. Islet- 
infiltrating CD4 + cells from NOD mice injected with IL-12 
produced high amounts of IFN-7, about fourfold higher than 
T cells from NOD mice injected with vehicle only (Table 
1). Conversely, IL-4 production was decreased in pancreas- 



infiltrating CD4 + cells from IL-12 treated as compared with 
control NOD mice. These results indicate that CD4 + cells 
infiltrating the lesion site in IL-12-injected NOD mice mostly 
exhibit a Thl lymphokine profile. Pancreas-infiltrating 
CD8 + cells, which participate in IDDM induction (25), also 
produce high levels of IFN-7 and little IL-4, indicating a Thl- 
like phenotype (26). IFN-y could also be detected in the serum 
of NOD mice injected with IL-12 (Table 1). In agreement 
with previous results, it peaked 1 wk after beginning of IL-12 
administration (21). 

These results show that administration of IL-12 accelerates 
the onset of IDDM and induces disease in all NOD female 
mice tested, whereas only ~60% of control littermates even- 
tually develop IDDM. Acceleration of IDDM is accompa- 
nied by expansion of Thl cells and by selective destruction 
of islet /? cells, suggesting a causal link between IL-12, Thl 
cell induction, and development of IDDM. The spontaneous 
development of IDDM may also involve IL-12-dependent 
generation of Thl cells. This possibility will be tested by ad- 
ministration of IL-12 antagonists (27) to NOD mice, a poten- 
tial therapeutic approach for the treatment of IDDM and of 
other Thl cell-mediated autoimmune diseases. The present 
results also suggest that IL-12, a possible therapeutic agent 
against tumors (28) and infectious diseases (29), should be 
administered cautiously to patients with Thl-mediated au- 
toimmune diseases, or with a known predisposition to them. 
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PERSPECTIVE 



A Great Case 



ed to speak about the social and psychological cir- case": the initial misdiagnosis, the confluence of 
cumstances of his patient. It all seemed a mere dis- disparate symptoms and signs of an unusual dis- 
traction, so tangential to the pathogenesis and ease, the instance when standard therapies can be 
clinical management. paradoxically harmful, the complex coordination 

As more and more friends and family members of medical and surgical management. But still I re- 
of my generation became ill, the convenient illu- sisted the appellation, 
sion that there is a wide gulf between physician and "What makes it a great case?" I asked, 
patient was eroding. But to abandon this illusion Pam replied that it had provoked an animated 
would be detrimental, because it permits us to stand discussion among the students and house staff, that 
at the bedside without flinching at some of the important teaching points had been made. But then 
most gruesome and threatening maladies that af- she reflected more deeply. "A great case because 
flict men and women. As doctors age, I suspect that you not only make the diagnosis — you do some- 
our shift of focus from the purely clinical to a per- thing fundamental about it. You can really help." 
spective incorporating the emotional and spiritual This conception came closer to the equipoise 
reflects the realization that our powers are limited, that had been eluding me. It was foolish to deny the 
that in the midst of human biology, we are also profound intellectual excitement that came from 
seeking knowledge about resilience and courage, medicine. It was also a hollow form of medicine that 
attributes that we hope will be ours when disease was practiced without factoring in the ultimate out- 
strikes us. come. But that balance required exceptional cir- 

A few months after my conversation with the he- cumstances. It necessitated knowing the outcome 
matology fellow, I was sitting at dinner with Pam, and could therefore be experienced only with hind- 
as we reviewed with each other the events of our day. sight, whereas thoughts and feelings are sparked 
"I was referred a great case," she said. I was taken from the start and demand a language right at the 
aback by her use of the phrase. She registered my outset if they are to be shared, 
reaction, but she continued. "A woman in her late I still find myself unable, except in retrospect, to 
50s, with a blood pressure of 240 over 120, who retrieve the language of my youth and speak about 
had been dizzy and flushing. One doctor conclud- "a great case." It is as if medicine at this stage of my 
ed that she was hypertensive and beginning meno- life has split into two streams — a current of mar- 
pause and prescribed standard medications for her velous biology and an undertow that pulls at the 
blood pressure, including an ACE inhibitor. Then a soul. From the bank where I stand, it is hard to 
consulting nephrologist, concerned about her kid- imagine that these two streams can ever again flow 
neys, ordered an abdominal scan. And there it was: as one. 
an adrenal mass. It turned out to be a pheochromo- 

cytoma." From the Beth | srae j Deaconess Medical Center and Harvard 

It had, I told myself, key elements of "a great Medical School. Boston. 
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Crohn's disease is one of two idiopathic inflam- mains unclear. As a result, the available therapies 

matory bowel diseases that affect approximately are not curative and may pose a substantial risk of 

1 million people in North America. Despite im- side effects. A current theory regarding the patho- 

portant advances in diagnosis and treatment in re- genesis of Crohn's disease suggests that there is an 

cent years, the underlying cause of the disease re- overly aggressive immune response against com- 
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mensal bacteria in a genetically predisposed per- 
son. In this context, the activation of lymphocytes 
and the overexpression of inflammatory cytokines 
represent a common effector mechanism leading 
to chronic intestinal inflammation. This theory has 
led to the development of several novel therapeutic 
agents that specifically block the production of key 
cytokines in patients with Crohn's disease, includ- 
ing the first successful therapeutic biologic agent, 
infliximab. However, this anti-tumor necrosis fac- 
tor a (TNF-a) agent is far from being universally ap- 
plicable and has raised as many questions as it has 
provided solutions. 

The classic paradigm for cytokine involvement 
in the pathogenesis of Crohn's disease focuses on 
type 1 helper T-cell (Thl) cytokines, such as TNF-a, 
interleukin-12, and interferon-y, which are thought 
to have a primary role in initiating the disease pro- 
cess. Conversely, type 2 helper T-cell (Th2) cyto- 
kines, such as interleukin-4and interleukin-13, are 
considered to have a more prominent role in ulcer- 
ative colitis, the other idiopathic inflammatory bow- 
el disease. However, mounting evidence suggests 
that this classic Thl-Th2 paradigm may be overly 
simplistic, and the hypothesis that these two path- 
ways are always mutually exclusive has recently been 
challenged. Immunologic models are therefore now 
being proposed that involve both clusters of cyto- 
kines. Furthermore, individual cytokines may have 
diverse, and even opposing, functions in different 
clinical and immunologic scenarios. This is partic- 
ularly true in Crohn's disease, in which the inflam- 
matory process appears to develop in two distinct 
phases — an initial, inductive phase and an effec- 
tor phase characterized by chronic inflammation. 
Both Thl and Th2 pathways may be involved in each 
phase, either concomitantly or sequentially. Taking 
into account all these observations, some have sug- 
gested that a distinction between innate and adap- 
tive cytokines may be more accurate than the distinc- 
tion between Thl and Th2 cytokines (see Figure). 1 

The traditional viewpoint has been that Crohn's 
disease results from a dysregulated response by 
the acquired immune system. However, recent evi- 
dence indicates that the innate immune system may 
be equally important, especially in the inductive 
phase of disease. First, it is now recognized that de- 
fects in epithelial barrier function, such as those 
that are present in a variety,of animal models, lead 
to intestinal inflammation. Second, cells of the 
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innate immune system are important producers of 
cytokines such as interleukin-l, TNF-a, and inter- 
leukin-6, which have important inflammatory ef- 
fects within the intestinal mucosa. Finally, the first 
gene that has been described as conferring suscep- 
tibility to Crohn's disease encodes an intracellular 
protein (i.e., NOD2/CARD15) used by cells of the 
innate immune system to sense the presence of 
bacterial products through the activation of nuclear 
factor-KB-dependent cytokines. Despite the fact 
that the precise function of NOD2/CARD15 during 
intestinal inflammation remains unclear, these ob- 
servations have led to the intriguing hypothesis that 
Crohn's disease may be initiated by a defective in- 
nate immune response, with decreased production 
of nuclear factor-/<B-dependent cytokines in re- 
sponse to commensal bacteria. In this regard, it 
could be argued that blocking certain cytokines in 
the initial phases of Crohn's disease may not be ben- 
eficial and could actually aggravate the existing dis- 
ease process. 

Several inflammatory cytokines have been tar- 
geted for therapeutic intervention in Crohn's dis- 
ease; these include interleukins 1, 2, 6, 12, and 18, 
interferon-?, and TNF-a (see Figure). The most 
successful example of such intervention to date has 
been the use of anti-TNF-a therapy in patients with 
refractory and fistulizing Crohn's disease. In this 
issue of the journal, Mannon et al. (pages 2069- 
2079) report on the safety of an anti-interleukin-12 
monoclonal antibody administered subcutaneous- 
ly for seven weeks. Despite the small number of pa- 
tients included in this study, the authors describe a 
significant clinical response in the group that re- 
ceived the higher dose (3 mg per kilogram of body 
weight). 

Like TNF-a, interleukin-12 is an important 
Thl-polarizing cytokine that is strongly implicated 
in the pathogenesis of Crohn's disease. In addition 
to neutralizing the inflammatory effects of TNF-a 
and interleukin-12, anti-TNF-a and anti-interleu- 
kin-12 therapies appear to share a common mech- 
anism of inducing apoptosis in activated lympho- 
cytes that have infiltrated the intestinal mucosa. 2 ' 4 
Protection of intestinal epithelial cells from apo- 
ptosis has also been suggested as a potential anti- 
inflammatory mechanism of anti-TNF-a therapy 
in Crohn's disease. 3 

Given these early successes, more cytokines are 
rapidly being identified as potential therapeutic tar- 
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Figure. Working Hypothesis Regarding the Role of Cytokines in the Pathogenesis of Crohn's Disease. 

When the mucosal immune system in patients predisposed to the development of Crohn's disease is first exposed to an initiating antigenic 
stimulus, a dysregulated and overly aggressive cytokine-mediated T-cell response is mounted. Cytokines involved in innate immune respons- 
es, such as tumor necrosis factor a (TNF-or), interleukin-1, interleukin-6, and possibly interleukins 12 and 18, may play a key role in this phase. 
Once CD4+ T cells are activated, effector. cytokines involved in the adaptive immune response, including TNF-a and interferon -y, as well as 
ihterieukins 4 and 13/mediate the effector phase of the intestinal inflammatory response. Novel cytokines such as TL1A and interleukins 23, 
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gets; among them are interleukins 18, 23, 27, and 
31, aswellasTLlA. In addition, the therapeutic po- 
tential of cytokines that belong to the traditional 
Th2-polarizing class is being evaluated; this group 
includes interleukins 4 and 13, for which there is 
increasing evidence of a potential inflammatory 
role, particularly in small intestinal disease. 

Cytokine blockade with monoclonal antibodies, 
fusion proteins, and receptor antagonists remains 
an attractive method of immunomodulation in 
Crohn's disease. However, important questions re- 
main regarding the safety of long-term treatment, 
especially since classic Thl cytokines are important 
in combating infections. The reactivation of latent 
tuberculosis in patients who have received anti- 
TNF-a therapy is an example of the potential for 
harm due to the long-term suppression of host re- 



sponses against certain infectious agents. 5 The 
long-term risk of malignancy with anti-cytokine 
therapeutics in general and the possibility that anti- 
interleukin-12 therapy, in particular, may reactivate 
asthma also need to be considered. In addition, on 
the basis of our improved understanding of the 
complex pathogenesis of Crohn's disease — in 
particular, the existence of multiple phases of dis- 
ease — the realization is developing that blocking 
certain cytokines may be detrimental, rather than 
beneficial, in some situations. The inability of anti- 
TNF-a treatment (infliximab) to induce remission 
in a substantial percentage of patients with Crohn's 
disease could indicate that non-Thl effector path- 
ways or a different disease phase may predominate 
in these patients. An effective treatment strategy 
for such patients might therefore involve the block- 
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ABSTRACT Multiple sclerosis (MS) is a chronic inflam- 
matory disease of the central nervous system postulated to be 
a cell-mediated autoimmune disease in which interferon y 
(IFN-y) plays an important role. There is increased IFN-y 
secretion in MS, and IFN-y administration induces exacer- 
bations of disease. We found that interleukin 12 (IL-12) was 
responsible for raised IFN-y secretion in MS as anti-IL-12 
antibodies reversed raised anti-CD3-induced IFN-y in MS 
patients to normal levels. Furthermore, we found a marked 
increase in T cell receptor-mediated IL-12 secretion in pro- 
gressive MS patients vs. controls (24.8 ± 7.7 pg/ml vs. 1.5 ± 
1.0 pg/ml, P = 0.003) and vs. relapsing-remitting patients 
(3.7 ± 1.4 pg/ml, P < 0.05). Investigation of the cellular basis 
for raised IL-12 demonstrated that T cells from MS patients 
induced IL-12 secretion from non-T cells, and that T cells from 
MS patients could even drive non-T cells from normal sub- 
jects to produce increased IL-12. Anti-CD40 ligand antibody 
completely blocked IL>12 secretion induced by activated T 
cells, and we found increased CD40 ligand expression by 
activated CD4 + T cells in MS patients vs. controls. The CD40 
ligand-dependent Thl-type immune activation was observed 
in the progressive but not in the relapsing-remitting form of 
MS, suggesting a link to disease pathogenesis and progression 
and providing a basis for immune intervention in the disease. 



Multiple sclerosis (MS) is a chronic inflammatory disease of 
the central nervous system postulated to be a T cell-mediated 
autoimmune disease (1). Interferon y (IFN-y), a cytokine that 
is the hallmark of Thl-type immune responses, plays an 
important role in disease pathogenesis as increased production 
of IFN-y precedes clinical attacks (2, 3), and injection of MS 
patients with recombinant IFN-y-induced exacerbations of the 
disease (4). Furthermore, within the nervous system, the 
inflammatory process is characterized by increased IFN-y 
expression (5). Little is known about the immune basis for 
raised IFN-y in MS or how it relates to different stages of the 
disease. Interleukin 12 (IL-12), a cytokine produced by non-T 
cells, is the most potent inducer of IFN-y and Thl-type 
immune responses (6). We recently observed increased ex- 
pression of IL-12p40 mRNA associated with inflammation in 
the central nervous system of MS patients but not in patients 
suffering from stroke (7). Given the importance of IL-12 in 
IFN-y induction, we investigated IFN-y secretion in MS and its 
potential link to IL-12. 

MATERIALS AND METHODS 

Subjects. MS patients were studied from the outpatient MS 
clinic of the Brigham and Women's Hospital. Relapsing- 
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remitting patients (n = 18; average age = 44 ± 1.3 years) had 
an average expanded disability status (EDSS) of 3.9 ± 0.5, and 
chronic progressive MS patients (n = 33; average age = 46 ± 
1.1 years) had an EDSS of 5.7 ± 0.3. A disability of 6 or greater 
involves use of a cane or other support. Patients had not 
received immunosuppressive therapy in the past or steroid 
treatment in the 6 months before blood drawing. The control 
group consisted of age and sex matched healthy subjects (n ~ 
29; average age = 43 ± 1.8 years). The number of patients used 
for each individual experiment is given in the corresponding 
table or figure legends. 

Cell Separation. Peripheral blood mononuclear cells 
(PBMC) were isolated from heparinized venous blood by 
Ficoll/Hypaque density gradient centrifugation (Pharmacia 
LKB). Cells were resuspended (10 6 cells/ml) in complete 
culture media consisting of RPMI 1640 medium (Bio Whit- 
taker) supplemented with 10% fetal bovine serum, 4 mM 
L-glutamine, 25 mM Hepes buffer, 50 units/ml penicillin, and 
50 fig/ml streptomycin (all from BioWhittaker). Separation of 
T cells from PBMC was performed by using negative depletion 
of non-T cells with human T cell enrichment column (R&D 
Systems) according to manufacturer's instructions. Separation 
of non-T cells (antigen-presenting cells; APCs) from PBMC 
was done by using negative depletion of T cells with Dynabeads 
M-450 Pan T (CD2) (Dynal; Great Neck, NY) according to 
manufacturer's instructions. Separation of T cells into CD4 
depleted (CD4") and CD8 depleted (CD8") T cells was 
performed using Dynabeads M-450 CD4 and Dynabeads 
M-450 CD8, respectively (Dynal). 

Cell Culture. PBMC activation with soluble anti-CD3. In 
preliminary experiments during which culture conditions were 
established, we found that following 2 days of in vitro culture, 
prominent IFN-y secretion was observed with anti-CD3 mAb 
stimulation but not with IL-2 or IL-12. Thus to study the T cell 
receptor complex (TcR)-mediated pathway of IFN-y secre- 
tion, we chose culture conditions in which 1 ml of PBMC (1 X 
10 6 cells) was placed in polypropylene culture tubes (Fisher 
Scientific), cultured for 2 days in medium, washed, and then 
activated with 1 /ug/ml of anti-CD3 mAb (American Type 
Culture Collection; clone OKT3, mouse IgG2a) and culture 
supernatants were collected 24 or 48 h later. Activated cells 
were also used for flow cytometry analysis of IL-12 receptor 
(IL-12R) positive cells. 

T cell activation with immobilized anti-CD3. T cells (1 X 10 6 
cells/well) and/or APCs (5 X 10 6 cells/well) were placed in the 
total volume of 1 ml in the wells of a 24-well flat-bottom plate 



Abbreviations: MS, multiple sclerosis; IFN-y interferon y, PBMC, 
peripheral blood mononuclear cells; EAE, experimental autoimmune 
encephalomyelitis; APC, antigen presenting cell; Ab, antibody; FITC, 
fluorescein isothiocyanate; IL, interleukin; IL-12R, IL-12 receptor; 
rIL-12, recombinant IL-12; TNF-a, tumor necrosis factor a; TcR, T 
cell receptor. 

*To whom reprint requests should be addressed at: Center for 
Neurologic Diseases, Brigham and Women's Hospital, 221 Long- 
wood Avenue, LMRC Room 102a, Boston, MA 02115. e-mail: 
weiner@cnd.bwh.harvard.edu. 
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with immobilized anti-CD3 or with immobilized control mouse 
IgG2a. Culture supernatants were collected after 24-h incu- 
bation. Activated T cells were also studied for CD40 ligand 
expression by flow cytometry after 20-h incubation and at 
various other times for kinetic studies. 

Cytokine ELISA. IFN-y and IL-4 determinations in culture 
supernatants was performed by ELISA using a cytokine 
ELISA protocol from PharMingen. For IFN-y and IL-4, 1 
/ig/ml of capture mouse anti-human IFN-y mAb or mouse 
anti-human IL-4 mAb, and 1 /ng/ml of biotinylated mouse 
anti-human IFN-y mAb or biotinylated rat anti-human IL-4 
mAb were used (all from PharMingen). IL-12p70 and IL-2 
were determined by appropriate ELISA kits (R&D Systems 
and BioSource International, Camarillo, CA, respectively). 
For standards, recombinant human IFN-y (GIBCO/BRL), 
recombinant human IL-2 (Boehringer Mannheim), recombi- 
nant human IL-4 (PharMingen), and recombinant human 
IL-12 (R&D Systems) were used. Sensitivity of IFN-y, IL-2, 
IL-4, and IL-12 ELISA were 32, 32, 8, and 2 pg/ml, respec- 
tively. 

Flow Cytometry. IL-12R-bearing cells were detected as 
described by Desai et al (8). Briefly, 1 x 10 6 cells in 0.1 ml 
staining buffer (PBS/2% fetal calf serum/0.1% sodium azide) 
were sequentially incubated with 40 nM unlabeled IL-12 for 40 
min, followed by biotinylated rat anti-human IL-12 (Clone 
4D6, IgGl, provided by M. K. Gately (Hoffmann-La Roche) 
or control biotinylated rat IgGl (clone MP4-25D2; PharMin- 
gen) for 20 min, and finally with Streptavidin-phycoerythrin 
for 20 min. Cells were then incubated with fluorescein iso- 
thiocyanate (FITC)-conjugated mAb specific for CD3, CD16 
(both from AMAC, Westbrook, ME), CD4, CD8, or control 
FITC-conjugated mouse Ig (all from Coulter Immunology) 
according to the manufacturer's recommendations). T cells 
activated with immobilized anti-CD3 were stained with FITC- 
conjugated mAb specific for CD4 (Coulter Immunology) and 
phycoerythrin-conjugated anti-CD40 ligand mAb (PharMin- 
gen) or control FITC- and phycoerythrin-conjugated mouse Ig 
(Coulter Immunology) according to the manufacturer's rec- 
ommendations. All incubations were carried out at 4°C in 
staining buffer, and cells were washed twice between incuba- 
tions. Flow cytometric analysis of 5-10 X 10 3 cells from each 
sample was performed on an FACSort flow cytometer (Beck- 
ton Dickinson) according to standard procedures. 

Statistical Analysis. Results are presented as mean ± SEM 
for each group. Statistical significance was calculated using 
Student's / test. 

RESULTS AND DISCUSSION 

To investigate the basis for raised IFN-y production in MS, we 
stimulated T cells through the TcR with anti-CD3 mAb. We 
first studied a group of chronic progressive MS patients and 
healthy control subjects and found a clear increase in TcR- 
mediated IFN-y production in MS. Specifically, anti-CD3- 
induced IFN-y production was almost 3-fold higher in pro- 
gressive MS (n = 25) than in control subjects (n - 21), 2132 ± 
207 pg/ml in MS vs.756 ± 121 pg/ml in controls, P < 0.001. 

To investigate the possible role of IL-12 in the raised IFN-y 
secretion in progressive MS, we added anticytokine neutral- 
izing antibody (Ab) to cultures stimulated with anti-CD3. In 
addition to progressive MS, we also studied patients with 
relapsing-remitting disease. Clinically, a classic feature of MS 
is a course that initially involves relapses followed by remission 
of disease (9). The relapsing-remitting phase is often followed 
by a progressive phase that involves progressive neurologic 
deterioration and is a major source of disability in MS. Some 
patients have progressive disease from the onset. Why the 
character of the illness changes from relapsing-remitting to 
progressive is unknown. As shown in Fig. 1 Top, an increase in 
anti-CD3-induced IFN-y production was seen in patients with 
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Fig. 1. Increased TcR-mediated IFN-7 production in MS is linked 
to defective regulation by endogenous IL-12. PBMC (1 x 10 6 /ml) 
from controls, relapsing-remitting MS (RR MS), or chronic progres- 
sive MS (CP MS) were stimulated with anti-CD3 mAb as described. 
Neutralizing goat anti-human IL-12 (10 /xg/ml, R&D Systems) or 
isotype control goat anti-human tumor necrosis factor a (TNF-a; 10 
/xg/ml, R&D Systems) were added to the cultures. After 2 days the 
levels of IFN-y production in culture supernatants were measured by 
ELISA; data are expressed in pg/ml. Data are mean ± SEM from 
tested control subjects (n = 10), relapsing-remitting MS (n - 9), and 
chronic progressive MS (n - 11) patients. IFN-y production in CP MS 
was significantly higher then in control subjects (P < 0.005) or 
relapsing-remitting MS (P < 0.05). Neutralizing anti-IL-12 signifi- 
cantly reduced IFN-y production in chronic progressive MS (P = 
0.009) to the level of control subjects. T cell proliferative responses or 
IL-4 production in MS patients or in control subjects were not affected 
by anti-IL-12. Isotype control mouse IgG2a did not induce any 
detectable level of IFN-y or IL-4. 

the chronic progressive form of MS but only minimally in 
relapsing-remitting subjects. In addition (Fig. 1 Middle), anti 
IL-12 Ab reversed the elevated anti-CD3-induced IFN-y se- 
cretion in chronic progressive MS to the level of control 
subjects (P - 0.009). Anti-TNF-a did not affect anti-CD3- 
induced IFN-y production in either MS or controls (lower 
panels). Anti-CD3-induced proliferation, and IL-4 and IL-5 
production in chronic progressive MS or controls, were not 
affected by anti-IL-12 (data not shown). 

The IL-12-dependent increase in anti-CD3-induced IFN-y 
in chronic progressive MS we observed could be secondary 
either to increased IL-12R expression on activated T cells in 
MS or increased biologically active IL-12 production by non-T 
cells in MS patients. It has been reported that recombinant 
IL-12 (rIL-12) can provide a costimulatory effect for activated 
human T cells that express detectable levels of IL-12R, par- 
ticularly after mitogen stimulation (8, 10). To investigate these 
possibilities, we first studied IL-12R expression on anti-CD3 
activated T cells. However, we found no difference between 
the number of IL-12R positive activated T cells in eight chronic 
progressive MS patients (22.6 ± 3.3%) vs. seven control 
subjects (21.4 ± 4.0%). 

We thus investigated whether the raised IFN-y secretion was 
secondary to increased IL-12 production in MS patients. To 
investigate this possibility, we added anti-CD3 to PBMC and 
measured secretion of IL-12, IL-4, and IL-2 in culture super- 
natants. As shown in Table 1, there was a marked increase in 
IL-12 production in chronic progressive MS subjects, which 
was not observed either in control subjects or relapsing- 
remitting MS subjects. No changes were observed in IL-4 or 
IL-2 secretion. To determine whether the amount of increased 
IL-12 observed in MS patients (24 pg/ml) was sufficient to 
affect IFN-y production, we added rIL-12 to cultures of PBMC 
from control subjects in conjunction with anti-CD3 stimula- 
tion. We found that 10 pg/ml of rIL-12 increased anti-CD3- 
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Table 1. Increased T cell receptor-mediated IL-12 production in 
progressive MS 





IL-12, pg/ml 


IL-4, pg/ml 


IL-2, pg/ml 


Control 
RR MS 
CP MS 


1.5 ± 1.0 (17) 
3.7 ± 14 (9) 
24.8 ± 7.7 (15)* 


39.1 ± 7.7 (17) 
37.9 ± 10.4 (9) 
44.5 ± 9.1 (15) 


719 ± 196 (7) 
ND 

905 ± 279 (10) 



PBMC were stimulated with anti-CD3 mAb as described, and 
supernatants were collected 24 h later. The levels of IL-12p70, IL-4, 
and IL-2 were measured by ELISA and expressed in pg/ml. Data are 
presented as mean ± SEM (number of subjects tested) for controls, 
relapsing-remitting MS patients (RR MS) and chronic progressive MS 
patients (CP MS). 

*IL-12 secretion in CP MS patients vs control subjects [P = 0.003) and 
vs. RR MS patients (P < 0.05). 

induced INF--y production 3-fold and this was reversed by 
neutralizing anti-IL-12 Ab (data not shown). 

Because anti-CD3 stimulates T cells and IL-12 is produced 
by non-T cells, we assumed that both cell populations were 
required for the increased IL-12 secretion in progressive MS 
patients. To identify whether one or both of the cell popula- 
tions were abnormal in MS and which cells were responsible 
for the increased IL-12 in MS, we separated PBMC into T cell 
or non-T cell populations (APCs) and added them separately 
to plates coated with immobilized anti-CD3. IL-12 secretion in 
progressive MS patients was only observed when all three 
components were present: T-cells, APCs, and anti-CD3 (data 
not shown). Given this, we then mixed separated populations 
of T-cells and APCs from MS and normal subjects and 
measured IL-12 secretion. As shown in Fig. 2, minimal IL-12 
was secreted by T cells plus APCs from control subjects 
whereas large amounts were secreted by MS subjects. How- 
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Fig. 2. Activated T cells but not APCs from progressive MS 
patients are responsible for increased IL-12 production. PBMC from 
control subjects and progressive MS patients were separated into 
APCs (non-T cells), T cells, CD4-depleted T cells (CD4~), or CD8- 
depleted T cells (CD8"). T cells or their subsets (1 x 10 6 ) from the 
control subject or from a chronic progressive MS patient were then 
activated with immobilized anti-CD3 mAb in the presence APCs (5 x 
10 5 ) of either control subject or MS patient. The levels of biologically 
active IL-12p70 was measured in 24-h culture supernatants by ELISA 
and are expressed in pg/ml. Data represented by four top bars are 
mean ± SEM of six independent experiments with different control 
subjects and MS patients. Data represented by two bottom bars are 
mean ± SEM of four independent experiments with four different MS 
patients. APCs from MS patients produced significantly more IL-12 
when cultured with activated T cells from MS patients vs. T cells from 
control subjects (P < 0.025). APCs from control subjects also secreted 
more IL-12 when cultured with activated T cells from MS patients vs. 
controls (P < 0.001). APCs from MS patients produced more IL-12 
when cultured with autologous CD8-depleted (CD8~) T cells vs. 
CD4-depleted (CD4") T cells (P < 0.05). No detectable IL-12 (less 
then 2 pg/ml) was secreted by APCs alone or T cells alone activated 
with immobilized anti-CD3, or T cells plus APCs in the presence of 
immobilized isotype control mouse IgG2a. 



ever, when mixing experiments were performed, increased 
IL-12 was only observed when T cells from MS patients were 
cultured with APCs either from MS patients or controls. No 
increased IL-12 was observed when APCs from MS patients 
were cultured with T cells from controls subjects. These results 
clearly demonstrate that T cells from MS patients are respon- 
sible for the increased secretion of IL-12 in progressive MS, 
which act by inducing the non-T cell population to produce 
IL-12. To determine which T cell populations were involved, 
we separated T cells into CD4- and CD8-depleted populations; 
as shown in Fig. 2, we found that depletion of CD4 cells 
abrogated increased IL-12 secretion whereas depletion of CD8 
cells had no effect. 

Although we found that the interaction between anti-CD3 
activated CD4 + T cells from MS patients with APCs was 
responsible for raised IL-12 production in CP MS, the nature 
of the T cell/APC interaction was unknown. To investigate 
this, we attempted to block IL-12 secretion in chronic pro- 
gressive MS using mAb directed against cell surface structures 
known to be involved in T cell interaction with APCs. As 
shown in Fig. 3a, anti-CD40 ligand mAb completely blocked 
increased production of IL-12 in patients with progressive MS. 
No effect of anti-CD40 ligand Ab was seen on IL-4 production 
in the same culture supernatants. In addition, we found no 
significant effect on IL-12 production in MS using other Ab or 
soluble adhesion molecules to block interaction of LFA-1, 
CD2, or CD28/CTLA-4 (cytolytic T lymphocyte-associated 
antigen) expressed by T cells with appropriate ligands ex- 
pressed by APCs (data not shown). These results suggested 
that anti-CD3 mAb was inducing increased CD40 ligand 
expression on T cells from MS patients, but not controls. As 
shown in Fig. 3b, this indeed was the case as a small, but 
significant increase in CD40 ligand expression occurred in 
anti-CD3 activated T cells from progressive MS patients but 
not in controls or relapsing-remitting patients. The expression 
of CD40 ligand occurred preferentially on activated CD4 + T 
cells, although a small number of CD40 ligand positive CD8 + 
T cells was also detected. Because optimal CD40 ligand 
expression may occur at earlier time points, we investigated the 
kinetics of CD40 ligand expression in purified T cells from MS 
patients and controls. As shown in Table 2, CD40 ligand 
expression first became evident at 24 h and was only observed 
in progressive MS patients. Although CD40 ligand is required 
for IL-12 production, other T cell-secreted cytokines may act 
synergistically with CD40 ligand. We have found that neutral- 
izing anti-IFN-y antibody reduced, though did not abolish, 
IL-12 secretion. Additional experiments were performed using 
phorbol 12-myristate 13-acetate (PMA) plus ionomycin, which 
is one of the strongest inducers of T cell activation. PMA plus 
ionomycin dramatically up-regulated CD40 ligand expression 
on T cells to a similar extent in both control subjects and MS 
patients with peak expression (56-78%) at 4 h after stimulation. 

There are two series of investigations describing anti-CD3- 
induced CD40 ligand expression by human peripheral blood T 
cells. In the first, T cells were isolated by positive separation 
with sheep red blood cells (11-13). This separation led to 
CD2/LFA3 (lymphocyte function-associated antigen 3) inter- 
action and CD2 engagement on the surface of T cells during 
separation. It has been reported recently that CD2/LFA3 
interaction augments the expression of CD40 ligand on acti- 
vated human CD4 + T cells (14). Presumably this explains why 
the level of CD40 ligand expression by T cells was higher in 
these studies than in our studies. In contrast, when T cells from 
normal individuals were activated without previous CD2 en- 
gagement (15), stimulation of peripheral blood T cells through 
CD3 by mAb immobilized on plates induced only a minimal 
expression of the CD40 ligand, that was analogous to our 
system. Of note is that the phenotype of T cells directly after 
isolation from normal individuals vs. CP MS did not show 
generalized activation as measured by increased IL-2R, 
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Fig. 3. (a) Increased TcR-mediated IL-12 production in MS is 
mediated by activated T cells via CD40 ligand. T cells and APCs from 
chronic progressive MS patients were activated with immobilized 
anti-CD 3 mAb as described in the legend for Fig. 2. Anti-CD40 ligand 
mAb (10 jxg/ml, clone m92, mouse IgG2a, provided by W. Fanslow, 
Immunex) or isotype control mouse IgG2a (10 /ig/ml; PharMingen) 
were added from the beginning of the cultures. The levels of biolog- 
ically active IL-12p70, IL-4, and IFN-? were measured in 24-h culture 
supernatants by ELISA in pg/ml. Data are mean ± SEM of seven 
different experiments with different MS patients. Production of IL-12 
was significantly reduced in the presence of anti-CD40 ligand mAb 
(P = 0.007 vs. isotype control Ig). Production of IFN-y was 1381 ± 302 
pg/ml in cultures with control mouse IgG2a and 634 ± 188 pg/ml in 
cultures with anti-CD40 ligand mAb. (b) Increased CD40 ligand 
expression by activated T cells in progressive MS. T cells from a control 
subject (A and C) or chronic progressive MS subject (B and D) were 
cultured with immobilized mouse IgG2a (A and B) or immobilized 
anti-CD3 (C and D) for 20 h. T cells were then stained with 
FITC-conjugated mAb specific for CD4 (Coulter Immunology) and 
phycoerythrin-conjugated anti-CD40 ligand mAb (PharMingen), ac- 
cording to the manufacturer's recommendations. Flow cytometric 
analysis of 5 x 10 3 cells from each sample was performed on an 
FACSort flow cytometer (Beckton Dickinson) according to standard 
procedures. Data are representative of six separate experiments. For 
all tested subjects, a significantly higher number of anti-CD3 activated 
T cells from progressive MS patients expressed CD40 ligand (2.5 ± 
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4. Mechanism of increased IFN-y secretion in progressive 



HLA-DR (human leukocyte antigen, DR region), or IL-12R 
expression (data not shown). 

Our results provide an explanation for the altered regulation 
of IFN-y in progressive MS patients and suggest that a 
self-perpetuating series of immune interactions occurs that 
results in a Thl-type immune response (see Fig. 4). The 
initiating immunologic event must involve repeated stimula- 
tion of the T cells through the Ag/major histocompatibility 
complex (MHC)/TcR complex, because stimulation through 
the TcR is required for CD40 ligand expression. It is postulated 
that this occurs in the relapsing-remitting form of the illness 
when patients have repeated attacks before entering the 
progressive phase. Although the trigger for these attacks is 
unknown, epidemiologic studies suggest that attacks are re- 
lated in part to repeated viral infections and an increased 
number of attacks early in the disease is a poor prognostic sign 
(9, 16, 17). Increased expression of CD40 ligand on T cells then 
triggers the APC through CD40, an interaction that is known 
to induce IL-12 secretion by APCs (18-20). IL-12 then acts on 
T cells to induce the secretion of IFN-y. Once secreted, IFN-y 
itself acts on APCs to further up-regulate IL-12 secretion and 
perpetuate the cycle leading to a chronic state of Thl-type 
immune activation. It remains to be determined the degree to 
which increased CD40 ligand expression in MS is related to an 
inherent defect in MS T cells or is secondary to the state of T 
cell differentiation following chronic in vivo activation. 

The association of IL-12 and CD40 ligand expression with 
raised IFN-y secretion in MS is consistent with what is known 
about the effect of IL-12 and CD40 ligand on Thl-type 
autoimmune diseases in animals (21, 22). Thus, administration 
of IL-12 induces the rapid onset of insulin-dependent diabetes 
mellitus (23) in the NOD mouse. In the experimental auto- 
immune encephalomyelitis (EAE) model, animals treated with 
IL-12 in vivo have a more severe and prolonged form of EAE 
whereas anti-IL-12 reduces the incidence and severity of 
adoptively transferred EAE (24). Administration of IL-12 
enhances, in an IFN-y-dependent fashion, collagen-induced 
arthritis (25). Biologically active IL-12 secretion has not been 
studied in human autoimmune diseases in which it would be 
expected that enhanced production would be associated not 
only with disease progression but with increased IFN-y pro- 
duction. This indeed was found in our MS patient population. 
IL-12 has also been studied in other human disease states 
including HIV, where IL-12 production was decreased and 

0.3%, n = 6) vs. controls (0.6 ± 0.2%, n = 8) or relapsing remitting 
MS patients (0.6 ± 0.24%, n - 6), P < 0.001, chronic progressive MS 
vs. control or relapsing-remitting MS. Less than 0.2% of anti-CD3- 
activated T cells from any tested donor were positively stained with 
combination of control FITC- and phycoerythrin-conjugated mouse 
IgG (all from Coulter Immunology). 
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Table 2. Kinetics of CD40 ligand expression 

Percentage of T cells expressing 



activation, h Control RR MS CP MS 

0 0.05 0.10 0.26 

6 0.08 0.17 0.64 

12 0.10 0.11 0.80 

24 0.14 0.17 2.58 

36 0.07 0.14 3.14 

48 0.94 0.43 6.45 



Purified T cells were activated with immobilized anti-CD3 as 
described in the legend for Fig. 3b. The percentage of T cells that 
expressed CD40 ligand was determined at various time points after 
activation. Results shown are representative of three independent 
experiments. RR MS, relapsing-remitting MS; CP MS, chronic pro- 
gressive MS. 

exogenous rIL-12 was reported to restore HIV specific cell- 
mediated immunity in vitro (26, 27). 

CD40 ligand is a 33-kDa type II glycoprotein which is 
transiently expressed on the surface of T cells following 
activation (28). In the murine system, CD40 ligand is involved 
in T cell-dependent induction of nitric oxide, TNF-a (29), and 
IL-12 (18) secretion by macrophages and activated differen- 
tiated Thl cells express a 20-fold greater amount of CD40 
ligand than activated nondifferentiated T cells (30). In murine 
collagen-induced arthritis, disease is blocked by Ab to CD40 
ligand (22). In addition, it has recently been shown by Gerritse 
et al (31) that CD40-CD40 ligand interactions play an im- 
portant role in EAE as treatment of animals with anti-CD40 
ligand mAb completely prevented development of the disease. 
Furthermore, these investigators reported an increased num- 
ber of CD4 + T cells expressing CD40 ligand in MS patient 
brain sections (31). Our results demonstrate that functional 
immune abnormalities in the blood of MS patients are linked 
to CD40-CD40 ligand interactions and are related to disease 
progression. Thus, increased IL-12 production in progressive 
MS is mediated by activated T cells via CD40 ligand, a 
mechanism that has not been previously described in human 
disease states. Of note is that Stuber et al. (32) have recently 
observed CD40 ligand-mediated increased IL-12 and Thl-type 
responses in the mouse model of 2,4,6-trinitrobenzene sulfonic 
acid-induced colitis. Also, Grewa! et al (33) have recently 
reported impairment of antigen-specific T cell priming in mice 
lacking CD40 ligand expression and postulated that antago- 
nists of CD40-CD40 ligand interaction may be of benefit in the 
treatment of autoimmune diseases such as multiple sclerosis. 

In summary our findings establish the presence of immune 
activation associated with raised IFN-7 in MS which is linked 
to IL-12 production by non-T cells and to CD40 ligand 
expression by CD4 + T cells. These immune abnormalities are 
seen most prominently in patients with the progressive form of 
the disease, suggesting an important link to disease pathogen- 
esis and progression. Furthermore, these findings not only 
provide an immunological basis to understand disease mech- 
anisms in MS but identify two molecules that may serve as 
targets for treatment of the disease. 
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